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Crystal Engineering is the field of chemistry that studies the design, properties, 
and application of crystalline materials. An aspect of crystal engineering is the design of 
coordination networks using linker ligands that cross-link transition metal nodes. 
Coordination networks that can exhibit permanent porosity have attracted attention for 
their potential application in gas storage, separation, and catalysis. In the context of 
separations, 15% of global energy costs are associated with separation of chemical 
commodities. That some coordination networks are inherently modular through 
node/linker substitution enables crystal engineering studies that can provide insight into 
structure-function relationships. Square lattice (sql) coordination networks were perhaps 
the first class of coordination networks to undergo systematic study; thanks mainly to 
their propensity to form from many nodes and linkers. Further, some sql coordination 
networks can be pillared to afford primitive cubic (pcu) coordination networks, offering 
modularity that, in principle, has at least four variables: node, linker, pillar, 
interpenetration. A class of pillared sql coordination networks known as Hybrid 
Ultramicroporous Materials (HUMs) has recently set new benchmarks for several 
important gas separations thanks to their ultramicropores (≤0.7 nm) which are lined by 
inorganic pillars that can act as molecular traps for small gas molecules. For example, 
ethylene (C2H4) is the highest volume chemical feedstock and contains ca. 1% acetylene 
(C2H2) impurities that must be removed. The goal herein is to conduct crystal engineering 
studies of interpenetrated HUMs in the context of C2H2/C2H4 gas separations and 
hydrolytic stability. The insight found herein may afford better design principles for 
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future porous coordination networks in terms of performance and stability. Chapter 1 
introduces crystal engineering, coordination networks, and HUMs. 
Chapter 2 addresses the C2H2/C2H4 separation performance of the two-fold 
interpenetrated pcu (pcu-c) HUM, SIFSIX-14-Cu-i ([Cu(1,2-bis(4-
pyridyl)diazene)2(SiF6)]n). Sorption-based gas separation/purification is hindered by a 
general inverse relationship between selectivity and uptake capacity in porous materials. 
Ideal molecular sieves could be a compromise with pores that block larger gas molecules 
and adsorb high quantities of smaller gas molecules. SIFSIX-14-Cu-i has 
ultramicropores (3.4 Å) that effectively exclude C2H4 molecules but is constructed from 
SiF6
2-




 at 0.01 bar) and selectivity at 
298 K (>6000 vs 44 for the previous benchmark, SIFSIX-2-Cu-i ([Cu(1,2-bis(4-
pyridyl)acetylene)2(SiF6)]n)). Dynamic gas breakthrough studies further confirm 
separation performance with an effluent C2H4 production of 87.5 mmol/g (99.9999% 
pure) and capturing 1.18 mmol/g C2H2 per cycle. 
Chapter 3 reports on the rare and poorly understood phenomenon of partial 
interpenetration and its potential relevance to gas separations as it could, in principle, 
enable an increase in uptake capacity without reducing selectivity. Systematic synthesis 
afforded solid solutions of SIFSIX-14-Cu-i and its non-interpenetrated pcu polymorph 
SIFSIX-14-Cu. Solid solutions exhibited proportions of two-fold interpenetration 
ranging from 70-99%. C2H2/C2H4 gas separation studies reveal that partial 
interpenetration negatively affects separation performance and is attributed to a reduction 
in the bulk density of C2H2 molecular traps. 
Chapter 4 details the study of linker and pillar substitution, enabling greater 
understanding of how subtle differences in structure may affect properties. The pcu-c 
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HUMs TIFSIX-2-Cu-i ([Cu(1,2-bis(4-pyridyl)acetylene)2(TiF6)]n) and TIFSIX-4-Cu-i 
([Cu(1,4-bis(4-pyridyl)benzene)2(TiF6)]n) demonstrate that variations in linkers and 
pillars can affect C2H2/C2H4 separation performances. Whereas TiF6
2-
 pillars impart 
stronger electrostatics and improved performance in TIFSIX-2-Cu-i (compared with 
SIFSIX-2-Cu-i), the longer ligand in TIFSIX-4-Cu-i leads to larger pores and weaker 
sorbent-sorbate interactions. Indeed, TIFSIX-4-Cu-i exhibits offset interpenetration 
resulting in two types of pores. Gas sorption studies of TIFSIX-4-Cu-i exhibited a 
stepped isotherm as a result of sequential pore filling. 
Chapter 5 continues the study of linker/pillar substitution, with TIFSIX-14-Cu-i 
([Cu(1,2-bis(4-pyridyl)diazene)2(TiF6)]n) and NbOFFIVE-2-Cu-i ([Cu(1,2-bis(4-
pyridyl)acetylene)2(NbOF5)]n), and its effect on C2H2/C2H4 gas separations. Although 
these pillars would be expected to afford the strongest electrostatics, an evaluation of 
bond lengths reveals that subtle pore size effects can be more influential. This observation 
leads to the conclusion that there is an optimal balance between pore size and pore 
chemistry that yields benchmark performances.   
Chapter 6 reports water vapour sorption in four hybrid materials; benchmarks for 
C2H2 capture (SIFSIX-14-Cu-i, SIFSIX-2-Cu-i, and SIFSIX-1-Cu) and CO2 capture 
(SIFSIX-3-Ni). The effects of water vapour on performance and stability remain 
understudied, despite practical relevance. Three materials exhibit a negative-water-
vapour-sorption phenomenon wherein adsorbed vapour uptake decreases as pressure 
increases and is attributed to a water-vapour-induced phase transformation, where initial 
structures convert to sql or interpenetrated square lattices (sql-c*). Although studied, the 
mechanisms by which coordination networks change degrees and modes of 
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interpenetration are not understood. SIFSIX-2-Cu-i retained its structure leading to an 
understanding of the interactions controlling hydrolytic stability. 
Chapter 7 extends the study of water vapour sorption with SIFSIX-7-Cu, 
TIFSIX-7-Cu, and GEFSIX-7-Cu ([Cu(1,2-bis(4-pyridyl)ethylene)2(MF6)]n; M = Si, Ti, 
Ge). Water vapour adsorption is observed to lead each compound to undergo the pcu to 
sql-c* phase transformation at different relative humidity levels, underlining the different 
interaction strengths imparted by each pillar. Further, a structural analysis suggests that 
the close packing of the sql-c* phase may inhibit structures with longer ligands from 
undergoing this irreversible phase transformation. 
Chapter 8 offers a conclusion to the crystal engineering of interpenetrated HUMs 
reported herein and looks towards possible future directions. The synthesis of solid 
solutions and substitution of linkers and pillars provide an understanding of structure-
property relationships in C2H2/C2H4 gas separations and water vapour sorption with a 
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 century’s advancement in X-ray crystallography (Bragg, Laue, 
Ewald),
1-3
 nuclear magnetic resonance (Rabi),
4
 and electron microscopy (Ruska)
5
 led 
researchers to the idea of seeing atoms and controlling their coordinates. Indeed, 
Feynman’s 1959 lecture is often considered the birthplace of nanoscience.
6,7
 Now in the 
early 21
st
 century, advances in computing, mathematics, and theoretical chemistry, as 
well as the conveniences of modern chemical research, are bringing us somewhat closer 
to rudimentary control over atoms, molecules, and therefore properties. In this chapter, 
the topic of crystal engineering is discussed in the context of an important class of 





1.1 Crystal Engineering 
Crystal engineering is the field of chemistry that studies the design, properties, and 
applications of crystals. 
Shortly before Feynman’s founding of modern nanoscience, Pepinsky had coined 
the term crystal engineering,
8
 and in some ways predicted today’s continuing research 
into the crystal engineering of functional coordination networks: 
“Crystallization of organic ions with metal-containing complex ions of suitable 
sizes, charges, and solubilities results in structures with cells and symmetries determined 
chiefly by packing of the complex ions. These cells and symmetries are to a good extent 
controllable; hence crystals with advantageous properties can be “engineered”.” 
Schmidt first showed the functional capabilities of crystal engineering by 
demonstrating the controllable topochemical approach to solid-state photodimerisation.
9
 
Of course, at this time supramolecular chemistry was taking form as well as modern 
approaches to synthetic organic chemistry;
10, 11
 crystal engineering could be considered 
the solid-state equivalent of these disciplines.
12, 13
 The progress of these subjects is based 
upon the phenomenon of molecules recognising each other, which was first hypothesised 
by Fischer in 1894 while working on an enzyme’s recognition of sugars.
14
 
Crystal engineering began to take its current form in the 1980’s with the 
prominent works of Desiraju and Etter laying the groundwork for the self-assembly of 
organic crystals.
15, 16
 Through the use of supramolecular synthons,
17, 18
 the self-assembly 
of building blocks into an array of hydrogen bonded networks was afforded.
19, 20
 Indeed, 
Ermer’s five-fold diamondoid network constructed from adamantane-1,3,5,7-





 In contrast, the then editor-in-chief of Nature, John Maddox, commented that 
the (perceived) inability to reasonably predict the simplest crystal structures by knowing 
their chemical composition was “one of the continuing scandals in the physical 
sciences…”.
22
 This statement encouraged a notable growth in research of crystal 
engineering throughout the 1990’s and into today (Figure 1.1).  
 
Figure 1.1. The number of publications per year, containing the topic ‘crystal engineering’, as curated in 
the Web of Science™ core collection by Clarivate Analytics™. 
That molecules may be considered as geometric building blocks (tectons; 
molecular building blocks),
23-26
 possessing functional groups that will preferentially 
orientate to form new crystalline architectures, is conceptually elegant and 
straightforward. However, experiments test hypotheses and degrees of freedom in the 
mode of crystal packing provide opportunity for supramolecular isomerism to occur;
27-29
 
wherein the same molecular components may pack in more than one manner. Indeed, the 
promiscuity of water as well as other solvent molecules means the formation of 
hydrates,
30, 31
 solvates, and metal complexes thereof is a challenge that is not entirely 
4 
 
controllable by the chemist. Hydrogen bonds and coordination bonds are the most 
prevalent molecular interactions used in crystal engineering; however, other interactions 





well as ion-π interactions.
34, 35
  
The concept of crystal engineering in network solids is made more straightforward 
by reducing crystal structures to the connectivity of the molecules. This approach to 
crystal structure analysis was first carried out by Wells.
36-39
 Wells’ description of crystal 
structures as a combination of nodes and linkers that afford networks is easily understood 
and readily transferable to coordination networks. Cross-linking an array of known 
molecules/compounds to act as tectons/molecular building blocks means that crystal 
engineering principles could be used to design topological networks from known reagents 
(with appropriate geometry and functionality), whose structure and properties could be 
fine-tuned through substitution or post-synthetic modification. With respect to hydrogen 
bonded networks, Etter’s notation of the hydrogen bonding interactions may allow for a 
simpler and more straightforward description over the node-linker approach.
40
 
It should be noted that crystal engineering focuses upon developing bottom-up 
principles for the chemist to design and fine-tune properties of crystal structures. Distinct 
neighbouring fields would include the engineering of crystals (crystal growth) and crystal 
structure prediction (computational design) – both of which have made progress within 
the subject of coordination networks in recent years,
41-45
 but are not topics discussed 
herein. 
The application of crystal engineering principles has found broad importance in 
the design of pharmaceutical drug products wherein the synthesis of new formulations 





Indeed, the use of supramolecular synthons to form H-bonded networks has led to a 
number of new and more effective drug products reaching the market.
47, 48
 Crystal 
engineering has also found wide application in the design and synthesis of functional 
coordination networks and is discussed further herein. 
 
1.2 Coordination Networks 
A coordination network is a compound extending, through repeating coordination 
entities, in 1 dimension, but with cross-links between two or more individual chains, 
loops, or spiro-links, or a coordination compound extending through repeating 




Figure 1.2. (a) [Cu(4,4′,4′′,4′′′-tetracyanotetraphenylmethane)]n·BF4 xC6H5NO2 and (b) [Zn(4,4′-
bipyridyl)2(H2O)2]n·SiF6 (blue and red networks indicate different interpenetrating networks). These initial 
compounds by Robson can be seen as the inception of modern crystal engineering in coordination networks. 
Coordinate covalent bonding and the directional interactions they afford were first 
described by Werner.
50
 Indeed, it is the directionality of coordination bonding that affords 





Coordination networks existed before this with notable examples being the pigment, 
Prussian blue
52
 (Fe4[Fe(CN)6]3), and the mineral, stepanovite 
([NaFe(oxalate)3]·(Mg(H2O)6)).
53
 Indeed, guest inclusion compounds such as Hofmann’s 
clathrates ([Ni(NH3)2Ni(CN)4]·guest) can be seen as square lattice variants of Prussian 
blue, that are to a certain extent modular.
54, 55
 With respect to crystal engineering of 
coordination networks, it is Robson and co-workers who first described its potential. By 
1990, Robson had published a number of papers outlining the prospects of (i) combining 
octahedral and tetrahedral metal centres (nodes) with “rodlike connecting units” (i.e. 
linkers) to afford network materials and (ii) that the underlying components could be 
substituted to rationally afford “unusual and useful properties”.
56-58
 Indeed, these seminal 
papers also show the design and synthesis of coordination networks, [Cu(4,4′,4′′,4′′′-
tetracyanotetraphenylmethane)]n·BF4 xC6H5NO2 and [Zn(4,4′-bipyridyl)2(H2O)2]n·SiF6 
(Figure 1.2(a) and (b)), which pointed towards developing principles for two important 
facets in modern crystal engineering of functional coordination networks: (i) that 
coordination networks could be synthesised with sufficiently large cavities and that 
potential applications found in zeolite chemistry could be applied
59-63
 and (ii) that the 
understanding and control of interpenetration would be a persistent challenge.
64-66
  
Indeed, by 1994, Fujita had shown that a square lattice, sql, coordination network, 
[Cd(4,4′-bipyridyl)2]n·(NO3)2 (Figure 1.3(a)), possessed catalytic properties while Moore 
and Lee showed the six-fold interpenetration of honeycomb networks, hypothesising the 
crystal engineering of auxetic materials.
25, 67
 Indeed, much of Robson’s work (and later, 
Batten’s) focused on the crystal engineering of interpenetrated structures and its control 
and use has received wide attention.
68
 By 1997 and 1998, Kitagawa and Yaghi had shown 
permanent porosity in coordination networks, respectively, and have since grown the field 





 The area of coordination networks witnessed a surge in interest when, in 
1999, Yaghi and Williams published the structures and surface areas of MOF-5, 
[Zn4O(1,4-benzenedicarboxylate)3]n (Figure 1.3(b)) and, HKUST-1, [Cu3(1,3,5-
benzenetricaboxylate)2]n (Figure 1.3(c)), respectively, which exhibited surface areas 
beyond any other reported material (> 3000 m
2
/g) at that time.
71, 72
 Indeed, extreme 
porosity is still a fascination and recent work by Hupp and co-workers has exhibited 






Figure 1.3. (a) catalytically active sql network, [Cd(4,4′-bipyridyl)2]n·(NO3)2, and the permanently porous 
(b) MOF-5, [Zn
II
4O(1,4-benzenedicarboxylate)3]n and (c) HKUST-1, [Cu
II
3(1,3,5-benzenetricaboxylate)2]n. 
Given the growth rate of this nascent field, various definitions and nomenclature 
have been created concurrently, often causing confusion or disagreement among 
researchers. However, an IUPAC panel came to agreement on terminology in 2013, and 
its adoption is highly recommended.
49
 With the origins of functional coordination 
networks in crystal engineering, it may be pertinent to also discuss these materials in the 
context of other network materials.
74
 There is certainly a relationship between 
coordination networks and zeolites. That one is metal-organic in nature and the other 
wholly inorganic, it may be reasonable to suggest that if a network was sustained by both 
inorganic and organic linkers that the term hybrid could be introduced. It is that some 
8 
 
coordination networks can exhibit modularity that means they are amenable to crystal 
engineering studies. 
 
1.3 Cambridge Structural Database 
Now over 900,000 answers… but what are the questions? 
Successful crystal engineering of network materials requires knowledge of the 
geometry of the underlying molecular components, their interactions which influence the 
formation and packing of the crystal structure, as well as the ability to controllably fine-
tune the structure to derive optimised properties. For this, the crystal engineer not only 
requires good understanding of the underlying chemistry but may also need some 
qualitative statistics, such that a desired compound may be designed and synthesised with 
confidence.
75, 76
 For this reason, the Cambridge Structural Database (CSD) acts as an 
indispensable resource in crystal engineering.
77
 Bernal was first to propose such a 
database,
78
 and at the time of writing the CSD possesses over 900,000 crystal structures 
allowing for qualification of which structures may have a better chance of forming. Given 
the expanse of crystal structures reported in this database, others have pointed towards its 
importance in understanding trends in crystal chemistry – with each structure being an 
answer to a question waiting to be asked.
79
 In this chapter, the CSD is used to survey 
various molecular building blocks (MBBs) and the propensity of certain metals to afford 





1.4 The Design of Molecular Building Blocks 
Molecular building blocks are discrete complexes that are well suited to serve as nodes in 
the propagation of coordination networks. 
In this section, a selection of common MBBs are discussed, their propensity for 
formation with certain metal centres and the nature by which they are commonly found in 
coordination networks is studied. By its definition, MBBs should ideally be known 
initially (or at least reasonably foreseeable) as a discrete complex that can be 
extrapolated, through linker ligand substitution, into a network. In combination with 
Wells’ node-linker concept and Pepinsky’s concept of crystal engineering, it is relatively 
straightforward to foresee the design and controllable self-assembly of MBBs into 
coordination networks with fine-tuneable properties. 
In designing MBBs, an understanding of both the chemical nature of the metal 
cations and the coordinating ligands is required. The coordination geometry of the metal 
centre (trigonal, tetrahedral, octahedral, etc.) as well as its acidity will dictate what basic 
ligands will coordinate and how strongly. In turn, the types of ligands that can coordinate 
to the metal nodes will influence what complexes may form and their potential 
connectivity. That first row transition metals have been the most common metal cations 
used in coordination networks, it is reasonable to see from Pearson’s hard-soft acid-base 
(HSAB) theory why ligands containing e.g. pyridyl groups, carboxylates, and 
imidazolates are so prevalent.
80
 A brief treatment of each MBB’s chemistry is given; 
however, the focus is on their propensity and application to the crystal engineering of 
functional coordination networks. For further reading on the underlying chemistry of 






Figure 1.4. Molecular building blocks based upon O-donor groups: (a) trigonal mononuclear, (b) trigonal 
paddlewheel, (c) square paddlewheel (carboxylate), and (d) square paddlewheel (catecholate/oxalate). 
1.4.1 O-Donor Molecular Building Blocks 
3-connected nodes. Through the use of an octahedral metal centre, a three-connected 
(herein described as n-c where n = the degree of connectivity) trigonal MBB can be 
afforded when combined with bidentate chelating ligands: the trigonal mono-nuclear (O-
donor) MBB (Figure 1.4(a)). Indeed, the proposed mechanism for the racemisation of 
these enantiomers is named after Bailar.
82
 Tetrahedral metal centres can be bridged by 
three carboxylate linkers to afford the trigonal paddlewheel MBB (Figure 1.4(b)). The 
trigonal mono-nuclear (O-donor) MBB is observed to be regularly sustained by 
chromium (27%), manganese (14%), and iron (29%) metal centres. The trigonal 
paddlewheel MBB is somewhat understudied, however, the tetrahedral nature of zinc 
metal centres means that it is the most prominent (98%). 
4-connected nodes. The most popular 4-c node consisting entirely of carboxylate 
ligands is the square paddlewheel MBB. Two metal centres are bridged by four 
carboxylate ligands to form a binuclear complex with the typical formula: 
M2(carboxylate)4(H2O)2 (Figure 1.4(c)). The metal centres are bound by carboxylates in 
the equatorial position wherein the metal centres stack on top of each other. As a 4-c 
node, the square paddlewheel MBB is usually capped by aqua complexes or other 
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terminal ligands and the carboxylate anions are substituted for linkers (e.g. 1,3,5-
benzenetricarboxylate), producing the coordination network. In the case of copper metal 
centres, there is weak coupling of the unpaired electrons; however, there is no metal-
metal bond. This is not the case for other metal cations that are known to sustain this 













From an analysis of the CSD, copper is the most prevalent metal centre found in 
square paddlewheel MBBs with more than half of all 2,614 reported paddlewheel 
structures being composed of this metal. Rhodium (17%) and ruthenium (13%) metal 
centres are also commonly found in this MBB motif. The use of a catecholate/oxalate-
type ligand could be used in a similar manner, however, only a Pt2(squarate)4 square 




Figure 1.5. Chemical structure (top) and topological network (bottom) of supramolecular isomers of 




Given the high quantity of square paddlewheel MBBs observed in the CSD, there 
are also a large number of coordination networks constructed from this 4-c node. The use 
of 1,3-disubstituted benzenedicarboxylates afforded an array of supramolecular isomers 
including the  small rhombihexahedron MBB (nanoball),
84, 85
 an undulating square grid 
(sql network topology),
86
 and a kagomé lattice (kgm network topology) (Figure 1.5).
87
 
Three-dimensional structures are also readily obtained including MOF-101 (nbo network 
topology) (Figure 1.5(a)),
88
 the previously mentioned HKUST-1 (tbo network topology) 
(Figure 1.5(b)),
72
 NOTT-100 (stx network topology) (Figure 1.5(c)),
89
 and PCN-61 (rht 
network topology) (Figure 1.5(d)).
90, 91
 Each structure is comprised of the same MBB; 
however, the structure directing nature of the varying organic linkers (di-, tri-, tetra-, 
hexa-topic) has resulted in vastly different coordination networks. 
 
Figure 1.6. Various three dimensional coordination networks obtainable from the square paddlewheel 
MBB and various organic linkers: (a) MOF-101, (b) HKUST-1, (c) NOTT-100, and (d) PCN-61. 
6-connected nodes. The first 6-c node built entirely of carboxylate anions is the 
tetra-nuclear octahedral basic zinc acetate MBB. In this complex, a central oxygen atom 
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exhibits tetrahedral coordination to four metal centres. These metal centres are, in turn, 
coordinated to four oxygen atoms; one being the central oxygen atom and the other three 
belonging to bridging carboxylate anions. The six carboxylate anions pack orthogonally 
to their neighbouring anions to form the complex, M4O(carboxylate)6 (Figure 1.7(a)). The 
terminal carboxylate ligands are substituted for carboxylate-containing organic linker 
ligands (e.g. 1,4-benzenedicarboxylate) to afford coordination networks. As the name 
would suggest, Zn
2+





 is also known to afford this complex.
93
 Evaluation of the CSD 
suggests that ca. 89% of the basic zinc acetate MBBs are constructed from zinc metal 
centres and four complexes are constructed from beryllium metal centres. Indeed, with 
only 100 basic zinc acetate MBBs found during this CSD survey, it is one of the lesser 
found MBBs discussed in this chapter. 
 
Figure 1.7. (a) The basic zinc acetate MBB. (b) MOF-5. (c) MOF-177. 
Nevertheless, Yaghi and co-workers have exploited this MBB to afford an 
extensive series of coordination networks (Figure 1.7(b-c)).
94
 Indeed, the “MOF-n” and 
“IRMOF-n” series of coordination networks may well be the most extensive series of 
coordination networks designed using, almost exclusively, one type of MBB. This work 
into the crystal engineering of coordination networks (dubbed reticular chemistry) is 
remarkable and underlines (i) the importance of linker ligands in directing the structure of 
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the coordination network and (ii) the dependability of MBB formation and the versatility 
in the extended structures they can afford.
95
  
The second 6-c node built entirely of carboxylate anions is the tri-nuclear trigonal 
prismatic basic iron acetate MBB.
96
 A central oxygen atom exhibits trigonal geometry 
and is bound by three (typically trivalent) metal centres. The metal centres are doubly 
bridged with six carboxylates and capped by terminal ligands (typically water) to form 
M3O(carboxylate)6(H2O)3 complexes, (Figure 1.8(a)). Similar to above, the carboxylate 




 are commonly found metal 










 are also possible. Indeed, 
this survey of the CSD indicates that iron and chromium metal centres are the most 
widely obtained, affording 39% and 20% of the 638 observed basic iron acetate MBBs, 
respectively.  
Férey has used the basic iron acetate extensively to afford complex and 
compelling structures. The best examples would include MIL-100 and MIL-101 (mtn 
network topology) which are constructed from the basic iron acetate MBB and 1,3,5-








1.4.2 N-Donor Molecular Building Blocks 
3-connected nodes. Pyrazole-type ligands may be used to afford a 3-c trigonal 
tri-nuclear (N-donor) MBB. A tridentate oxygen atom or hydroxyl group is coordinated 
by three square planar/octahedral metal centres, which are bridged by pyrazolate-type 
ligands (Figure 1.9(a)). Indeed, the metal centres may be a site for other linker ligands to 
bind. This relatively simple MBB has been found to afford a complex rht-MOF (as a 3-c 
node) (Figure 1.9(b)).
100
 Substitution of the pyrazolate ligand for triazolate afforded a 
self-penetrating coordination network (MBB acts as a 6-c node) (Figure 1.9(c)).
101
 Of the 
nineteen structures observed in the CSD, all were sustained by copper atoms. 
Alternatively, three 2,2’-bipyridinyl/diethylamine-type linkers could chelate an octahedral 
metal centre to afford a trigonal mono-nuclear (N-donor) MBB (isostructural to Figure 
1.4(a)). In this instance iron (26%) and cobalt (20%) are the most commonly observed 
metal centres.  
4-connected nodes. The most common 4-c node based upon N-donor ligands 
would be the mononuclear MBB, prevalent in the early crystal engineering works of 
Robson and Fujita, wherein an octahedral metal centre is coordinated in the equatorial 
positions by N-donor ligands (e.g. pyridyls, pyrroles). These N-donor ligands can be 
substituted for organic linkers (e.g. 4,4′-bipyridyl, imidazoles) The axial positions are 
typically bound by terminal aqua ligands or counterions (Figure 1.10(a)). However, in the 
case of square planar metal centres, this would not be the case. With over 34,000 
observed structures in the CSD possessing square planar or octahedral metal centres 
bound by four N-donor ligands in one plane, the square planar (N-donor) MBB is the 
most prevalent MBB in this survey. It may be so common, as a wide variety of metal 
centres can afford this MBB. Nickel and cobalt (both 20%) are the most common metal 
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centres found for this MBB, with iron (14%), copper (15%), ruthenium (9%), zinc (5%), 
and manganese (4%) also being prominent. 
 
Figure 1.9. (a) A trigonal tri-nuclear MBB can act as both a 3-c node (b) and a 6-c node (c). 
Indeed, the regular occurrence of this square planar (N-donor) MBB and its 
evident ease in synthesis means that the initial properties of early crystal engineered 
coordination networks could be easily tested. Further, the study of how coordination 
networks pack, especially interpenetration, and how the crystal packing of coordination 
networks could be controlled was first investigated in coordination networks bearing this 
MBB. That metal centres are often chelated by macrocycles (e.g. porphyrins) could also 
be influencing the propensity of this MBB. The previously mentioned square 
paddlewheel MBB can have the carboxylate anions substituted for pyrazolate anions to 
afford the pyrazolate paddlewheel MBB with rhodium being the only observed metal 
centre (Figure 1.10(b)). 
 
Figure 1.10. (a) A square planar MBB built from an octahedral metal centre capped by terminal ligands. 
(b) A pyrazolate paddlewheel MBB. (c) and (d) A tetrahedral MBB. 
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Another common 4-c node based upon N-donor ligands uses MBBs constructed 
from tetrahedral metal centres. Here, the MBB would not retain terminal ligands in the 
preparation of coordination networks. Copper and zinc metal centres are the most 
common (32% and 18%, respectively) for the tetrahedral (N-donor) MBB, with silver 
(22%) metal centres also commonly observed. The use of tetrahedral (N-donor) MBBs is 
widespread with over 4,000 structures reported in the CSD (Figure 1.10(c) and (d)). 
Through the use of linear N-donor ligands a vast array of coordination networks with 
diamondoid network topologies (dia) were produced in the early 1990’s.
102
 Indeed, the 
crystal engineering of these types of dia coordination networks was also important for the 
understanding of interpenetration wherein multiple modes and multiple folds of 
interpenetration have since been observed.
103
 Imidazolate-type linkers have also 
commonly been used to afford the tetrahedral (N-donor) MBB, wherein the angle with 
which these linkers bridge has afforded so-called zeolitic-imidazolate frameworks (ZIFs) 
or zeolite-like metal-organic frameworks (ZMOFs) i.e. the M-Im-M bridges found in 
these structures exhibit similar angles to Si-O-Si bridges found in zeolites, affording 
similar network topologies (Figure 1.10(d)).
104-106
 
6-connected nodes. The basic zinc acetate MBB discussed above can also be 
prepared from pyrazole-type ligands (basic zinc pyrazolate MBB). Within these 
structures, the MBBs are exactly as described previously but the carboxylate bridges are 
substituted for N-donor groups (Figure 1.11(a)). Less common than their carboxylate 
counterparts, coordination networks have been observed such as the primitive cubic, pcu, 
networks reported by Janiak and co-workers (Figure 1.11(b)).
107
 Similarly, the 
carboxylate groups found in the basic iron acetate MBB can be substituted for 
pyrazolate-type ligands (basic iron pyrazolate MBB). However, this MBB is also less 
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commonly observed and no coordination network was observed to be constructed from it 
(Figure 1.11(c)). 
 
Figure 1.11. (a) A basic zinc pyrazolate MBB was used by Janiak to produce (b) a pcu coordination 
network isostructural to MOF-5. (c) A basic iron pyrazolate MBB. 
1.4.3 Mixed-Donor Molecular Building Blocks 
3-connected nodes. The trigonal prismatic basic iron acetate MBB (Figure 
1.8(a)) can be modified wherein the carboxylate anions may be terminal and the aqua 
ligands could be substituted for N-donor ligands. This substitution would convert the 
MBB to a tricapped trigonal prismatic complex. As a subset to the basic iron acetate 
MBBs observed in the CSD, the tricapped trigonal prismatic MBBs were present in 39% 
of the structures found. Iron (37%), manganese (13%), and chromium (10%) are the most 
common metal centres that allow for this MBB to form. Remarkably, the added N-donor 
ligands to the metal centre leads to manganese being more regularly formed. As a 3-c 
node, this MBB may serve to afford a 12-c octahemioctahedron with a 1,3-substituted 
ditopic pyridyl linker (Figure 1.12(a)),
108
 as well as a two-fold interpenetrated honeycomb 






Figure 1.12. (a) As a 3-c node, the tricapped trigonal prismatic MBB has been found to form a 0-
dimensional octahemioctahedron and (b) a hcb coordination network. 
4-connected nodes. The combination of N-donor and carboxylate ligands with 
either octahedral or tetrahedral metal centres can produce a variety of 4-c MBBs 
exhibiting either square planar or tetrahedral geometry. For tetrahedral metal centres, the 
geometry of the MBB is dependent on the organic linker ligands used. Conversely, the 
geometry of MBBs consisting of octahedral metal centres may be somewhat more 
diverse. Square planar (Mixed-Donor) MBBs can be derived from octahedral metal 
centres bound by two N-donor ligands and two carboxylate ligands with two terminal 
ligands (e.g. water). Indeed, the carboxylate could be monodentate with a terminal or 
additional chelating ligand coordinating (Figure 1.13(b)). Without terminal ligands, 
octahedral metal centres may still produce square planar (Mixed-Donor) or tetrahedral 
(Mixed Linker) MBBs, as carboxylates become bidentate and the geometry with which 
they chelate the metal centre directs the nature of the MBB. Indeed, this type of 
coordination results in isomerism where the trans-isomer would result in a square planar 
(Mixed-Donor) MBB (Figure 1.13(a)) and the cis-isomer would result in a tetrahedral 
(Mixed-Donor) MBB (Figure 1.13(c)). Catechol/oxalate-type ligands may also be 
appropriate chelating ligands for this MBB. With respect to tetrahedral metal centres, the 




Figure 1.13. (a) A square planar MBB (b) A square planar MBB from an octahedral metal centre axially 
capped by terminal ligands. A tetrahedral MBB from (c) octahedral and (d) tetrahedral metal centres. 
Square planar (Mixed-Donor) MBBs of the form shown in Figure 1.13(a) were 
found to be most popularly built from copper metal centres (87%). However, the square 
planar (Mixed-Donor) MBB shown in Figure 1.13(b), is readily observable with cobalt 
(26%), nickel (20%), and copper (21%) metal centres. Where catechol/oxalate-type 
ligands are chelating the metal, cobalt metal centres were most commonly observed 
(62%). Tetrahedral (Mixed-Donor) MBBs constructed from octahedral metal centres 
were observed to be mainly sustained by cobalt (15%), nickel (13%), copper (15%), zinc 
(27%) and cadmium (26%) metal centres. With the use of tetrahedral metal centres, zinc 
(82%) was found to be the preferred atom of choice. With respect to catechol/oxalate-type 
ligands, chromium (33%) and cobalt (35%) metal centres were most popular. 
 
Figure 1.14. (a) A pillared square paddlewheel MBB can afford (b) DMOF-1. (c) A MN4X2 MBB can 
afford (d) SIFSIX-1-Cu. 
 6-connected nodes. Built from the square paddlewheel MBB, the terminal water 
ligand can be substituted in favour of N-donor ligands such that a 6-c octahedral node 
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may be afforded. The most prevalent linkers used would include 1,4-
diazabicyclo[2.2.2]octane (DABCO) and pyridyl-type linker ligands (Figure 1.14(a)). 
Indeed, this MBB was first introduced within a coordination network by Kim as part of 
the pillared square grid (pcu network topology) coordination network: DMOF-1, 
[Zn2(1,4-benzendicarboxylate)2(DABCO)]n (Figure 1.14(b)).
110
 Evaluation of the CSD 
indicates that the pillared square paddlewheel MBB is versatile and is readily constructed 
from copper (53%), rhodium (17%), and ruthenium (13%) metal centres. Given the 
versatility of the MBB to be constructed readily from several different metal centres and 
the wide variety of carboxylate, N-donor, and carboxylate/N-donor organic linkers 
ligands available, many structures have been derived. As such, principles of crystal 
engineering have been tested and examined on this platform of three-dimensional 




The MBBs constructed from octahedral metal centres and N-donor ligands to 
afford 4-c square planar nodes can easily be extrapolated to 6-c nodes by substitution of 
the terminal axial ligands with linker ligands. These new linker ligands may be 
counterions or neutral ligands and have not necessarily been organic (Figure 1.14(c)). 
Within the CSD, 28,343 structures were found to exhibit this MBB with cobalt (24%), 
iron (17%), nickel (16%), ruthenium (11%), and copper (12%) metal centres. Numerous 
three-dimensional networks have been afforded from a pillared square grid, extrapolated 
from this MN4X2 MBB. The most prominent structures afforded by this 6-c node are the 
hybrid ultramicroporous materials (HUMs) and hybrid pillared square grid materials 







Figure 1.15. (a) A mixed-linker trigonal prismatic MBB can afford both (b) coordination 
networks and (c) metal-organic cages. 
Isostructural to the basic iron acetate MBB, half of the carboxylate anions may be 
replaced for pyrazole-type linkers to afford a mixed-linker trigonal prismatic MBB 
(Figure 1.15(a)). Although underrepresented in the CSD, some coordination networks and 
metal-organic cages have been reported (Figure 1.15(b) and (c)).
117, 118
  
1.4.4 High-Connectivity Molecular Building Blocks (≥8-c)  
 
Figure 1.16. (a) A carboxylate cubic MBB and (b) a derived coordination networks. (c) and (d) the 
pyrazolate analogue. 
Although 4-c and 6-c nodes have been prominent in coordination networks, there 
are now several MBBs that afford 8-c, 9-c, 12-c, and 24-c nodes. Naturally, the higher the 
connectivity of the node the more complicated the MBB may become. To prevent this 
analysis from becoming unwieldy, this sub-section focuses on only a selection of high-
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connectivity MBBs that have already been observed in coordination networks or are well-
suited to forming a coordination network.  
With respect to 8-c nodes, two types of cubic MBBs exist. The first cubic MBB is 
a tetra-nuclear complex consisting of a four coordinate square planar atom (typically a 
halogen or hydroxyl group) coordinated to four metal centres that exhibit square 
pyramidal geometry. Each metal centre is doubly bridged to neighbouring metal centres 
by either two carboxylate anions or two pyrazolate-type anions affording the cubic MBB 
(Figure 1.16(a-d)).
119
 When solely constructed from carboxylate linker ligands, only 
copper metal centres have been observed that can afford coordination networks wherein 
the MBB is crosslinked by 1,3,5-benzenetricarboxylate leading to a (3,8)-c network.
120
 
The use of pyrazolate-type ligands has proven to be more successful with metal centres 
predominately being manganese (20%), iron (15%), and cobalt (25%). Similar 




Figure 1.17. (a) A tricapped trigonal prismatic MBB can afford (b) a coordination network with 
ncb topology. 
A 9-c node is derived from propagation of all ligands within the tricapped 
trigonal prismatic MBB. By substituting terminal aqua ligands for e.g. N-donor linker 
ligands, as well as propagating structures through the carboxylate anions, a 9-c node is 
obtained (Figure 1.17(a)). Indeed, Chen has used this MBB to synthesise coordination 
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networks with unique network topologies (Figure 1.17(b)). Similarly, the mixed-linker 




Figure 1.18. (a) A 12-c cuboctahedron MBB affords (b) UiO-66. (c) As a 8-c node, this MBB 
affords (d) NU-1000 and as a (e) 6-c node, it affords (f) PCN-224. 
The hexa-nuclear cuboctahedron MBB is constructed from six square anti-




) that sit at the vertices of an octahedron. 
Tridentate oxygen atoms sit on the faces of this octahedron, coordinating to the three 
neighbouring metal centres. Metal centres are further bridged along the edges of this 
octahedron by carboxylate anions to afford the cuboctahedron MBB and may be 
recognised as the MBB that sustains the coordination network UiO-66 (Figure 1.18(a) 
and (b)), and its derivatives.
125
 The CSD survey of this MBB indicates that zirconium 
metal centres are most prominent. By substituting four carboxylates with hydroxyl 
groups, within one plane, the second cubic MBB is obtained and has been shown to 
afford ultrahigh surface area coordination networks such as NU-1000 (Figure 1.18(c) and 
(d))
126




 Further substitution with hydroxyl groups 
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Figure 1.19. The square paddlewheel MBB can assemble to form an octahedral node that can be pillared in 
a similar manner to DMOF-1 to afford a pcu-a coordination network. 
A 24-c node may be derived from the small rhombihexahedron MBB. This 
structure is the original nanoball and is constructed from twelve square paddlewheel 
MBBs cross-linked by 1,3-benzenedicarboxylates (Figure 1.5(a)). Indeed, the organic 
ligands may be substituted for ligands that could cross-link several small 
rhombihexahedron MBBs, resulting in the 24-c node primarily used in rht-MOF 
coordination networks (Figures 1.6(d) and 1.9(b)). Similarly, an octahedral MBB has also 
been observed that could be pillared in a manner equivalent to DMOF-1 and therefore 
become a 6-c node affording a two-fold interpenetrated pcu-a network topology (Figure 
1.19).
131
 The use of such MBBs has been discussed more thoroughly elsewhere.
132
  
It is noteworthy that, of the nearly 57,025 structures sustained by the metal centres 
and MBBs observed within this survey, the vast majority were sustained by iron (13%), 
cobalt (17%), nickel (16%), and copper (19%). Of the >360,000 metal centres observed 
within the CSD, the propensity for these metal centres is correlated; however, cobalt (9%) 
and nickel (9%) are much less common. This may be attributable to organometallic 
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structures as well as less common ligands (e.g. phosphates, sulfonates) that were not 
included in this survey.  
 
1.5 The Architecture of Network Structures 
Although the previous section focuses upon coordination networks that may be 
propagated directly from their MBBs, well-known coordination networks such as MIL-
53
133
 and CPO-27 (MOF-74)
134
 exhibit structures afforded by cross-linked one-
dimensional coordination entities derived from vertex-sharing and edge-sharing 
octahedral metal centres, respectively, and not by discrete MBBs (Figure 1.20). 
Nonetheless, the nature of these compounds would lend itself to crystal engineering 
principles. Further, for the sake of brevity, only coordination networks built from one 
kind of MBB are addressed, however, it should be noted that the cross-linking of multiple 
different MBBs within one network is an active area of research yielding structures with 
new topologies and properties and is a growing area within the topic of crystal 
engineering (e.g. two-step crystal engineering).
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1.5.1 Nodes, Linkers, and Topological Networks 
The design of a functional coordination network with exact control over packing 
and symmetry remains elusive. However, with a combination of the discussed MBBs and 
appropriate ligands, sophisticated coordination networks can be derived whose packing 
and symmetry are the resulting combination of the packing and symmetry of its 
components. It is the strength and directionality of coordinate covalent bonding that 





Figure 1.20. (a) MIL-53 and (b) CPO-27 (MOF-74) are constructed from vertex- and edge-sharing 
octahedral, respectively. 
The broad application of these principles coupled with the node-linker approach 
of Wells, led to the development of a subject of crystal engineering: reticular chemistry. 
Reticular chemistry focuses specifically on the linking of MBBs into network materials 
and is applied to not only coordination networks but also to a certain extent covalently 
bonded networks e.g. covalent organic frameworks (COFs).
136
 
Linker ligands. The linker ligands used in the design and synthesis of functional 
coordination networks are of equal importance to the metal centre used. The linker 
ligands can propagate the symmetry of the MBBs or generate new networks based on 
their own symmetry and the number of MBBs being bridged. From a crystal engineering 
perspective, the ligands are also important because symmetry can be maintained while 
size and functionality can be altered. For instance, a linear di-topic linker ligand such as 
1,4-benzenedicarboxylate could cross-link  square paddlewheel MBBs to form a square 
grid coordination network. This network topology may be retained but expanded by using 
biphenyl-4,4′-dicarboxylate. A growing area of research in crystal engineering involves 
post-synthetic modification of coordination networks wherein new functional groups can 
be added to linker ligands or MBBs after the coordination network has been obtained.
137-
139
 The selection and alteration of the linker ligand therefore allows the properties of a 
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coordination network to be manipulated. Given that they are readily available and cheap, 
4,4′-bipyridyl and 1,4-benzenedicarboxylate have historically been the most popular 
organic linker ligands used in the crystal engineering of functional coordination networks. 
To that end, there are currently over 4,984 structures in the CSD where 4,4′-bipyridyl 
links metal centres and over 5,456 structures wherein 1,4-benzenedicarboxylate links 
metal centres. 
Topological Analysis. Chemical topology is a mathematical construct and is a 
very useful system for classifying coordination networks. Similar to the concept of ribbon 
diagrams in structural biology, topological analysis of crystal structures (especially 
coordination networks) allows researchers to more clearly understand complex structures. 
Beyond Wells’ work, more recent substantial efforts in the understanding of coordination 
network topology and catenation have been provided.
140-148
 Indeed, the chemistry 
involved in coordination networks can often be disparate, however, the underlying 
network topology can make distinct coordination networks more relative; therefore, 
allowing the crystal engineer easier visualisation and ability to design new materials. 
Therefore, the use of the Reticular Chemistry Structural Resource (RCSR)
149
 as well as 
the use of programs such as ToposPro
146
 and Gavrog in understanding and visualising 
underlying network topologies is highly recommended.  
However, to the crystal engineer, chemist, and crystallographer, the mathematical 
treatment of coordination networks may not be immediately clear and can be further 
confused by the notation and terminology used (e.g. transitivity, Schlaefli symbols, vertex 
symbols, point symbols, face symbols, or Delaney symbols). A brief description is given 
here. A network’s transitivity is defined by the quantity of unique vertices (p), edges (q), 
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faces (r) and tiles (s) that sustain the network. The network is defined as regular when the 
transitivity (pqrs) equals 1111 i.e. there is one unique vertex, edge, face, and tile.  
Using Schlaefli symbols, a network may be described by the connectivity of the 
vertices (p) and the edges (q, polygons) that pattern the network. For example, the 
notation [q,p] may be used to describe a discrete cube as a structure where three squares 
meet at each vertex [4,3] (Figure 1.21(a)); the sql network topology can be described as 
four squares meeting at each vertex i.e. [4,4] (Figure 1.21(b)) and similarly, a honeycomb 
(hcb) network topology can be described as three hexagons meeting at each vertex: [6,3] 
(Figure 1.21(c)). However, considering three-dimensional (three-periodic) structures, we 
must consider the amount of polygons that meet at each vertex [q,p] and the numbers of 
faces (r) that coincide at each edge and is described with the notation [q,p,r]. Considering 
the primitive cubic, pcu, network topology three squares meet at a vertex and are repeated 
four-fold about each edge: [4,3,4] (note that a discrete cube is described as [4,3] and the 
pcu network is the simple tiling of cubes wherein four cubes meet at each edge, thus 
[4,3,4] (Figure 1.21(d)). Conversely, the pcu network topology may be considered based 
upon the number of faces (r) constructed from polygons that define the cage/tiles that 
construct the network topology, [q
r




The vertex symbol can be used to list the shortest rings that involve a vertex at a 
specific angle. This notation follows as Aa.Bb.Cc… where a is the number of rings of size 
A at the first angle. For example, the diamondoid (dia) network topology would have the 
vertex symbol of 62.62.62.62.62.62 (Figure 1.21(e)). Indeed, the network topology 
lonsdaleite exhibits the same vertex symbol (Figure 1.21(f)). In order to discern the two 
network topologies, we calculate the sum of the topological density at the tenth nearest 
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neighbour (TD10). To calculate TD10 we count the length between vertices, with the 
closest connecting vertices being the first nearest neighbours, and each unique vertex 
connecting to the first nearest neighbours being part of the second nearest neighbours and 
so on until we have reached the k
th
 nearest neighbour. The quantity of neighbours at each 
step can be written as a series known as the coordination sequence (CS), the sum of 
which at the tenth nearest neighbour is TD10. For the dia network topology, TD10 is 981; 
whereas for the lon network topology, it is 1,027.  
 
Figure 1.21. (a) The [4,3] packing of a cube. (b) The [4,4] packing of the square lattice, sql, network 
topology. (c) The [6,3] packing of the honeycomb, hcb, network topology. (d) The [4,3,4] packing of the 
primitive cubic, pcu, network topology. (e) The diamondoid, dia, network topology. (f) The lonsdaleite, 
lon, network topology. 
The three underlying network topologies may be modified by an additional letter 
to the three letter code assigned to network topologies by the RCSR e.g. lon-e (new 
vertices added to the edge of the lon net) and dia-a (the dia net is augmented wherein 
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each vertex is replaced by a group of vertices but the coordination figure shape of the 
original vertex is maintained). emboldened lower-case letters are designators assigned to 
topologies by the RCSR and allow for network topologies of coordination networks to be 
easily recognised by readers.  
  
1.5.2 Supramolecular Isomerism 
A crystal engineer may be judicious in the selection of which MBBs, linker 
ligands, and network topologies that are sought and could have good statistical data from 
the CSD to suggest that a certain design should be successful. However, during the course 
of a synthesis experiment, unobservable degrees of freedom may result in the 
combination of the input molecules packing in more ways than one – a supramolecular 
isomerism has occurred. The topic of supramolecular isomerism has been covered in 
reviews and research articles,
13, 27-29, 150, 151
 however, given its importance and the 
improved understanding that is available today, a brief summation is given.  
There are four types of supramolecular isomerism: structural, conformational, 
catenane, and optical.  Structural supramolecular isomerism is a result of the exact same 
molecular components exhibiting different crystal packing resulting in different network 
topologies. An early example of structural supramolecular isomerism in coordination 
networks was exhibited by compounds of the formula [Cu(1,3-benzenedicarboxylate)] 
mentioned earlier (Figure 1.5). Conformational polymorphism involves changes in the 
conformation of the coordination networks components often resulting in changes in 
network topology.
152
 Indeed, this may be observed through the use of flexible ligands or 
changes in the coordination about a metal centre.  
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Another example is the result of catenation/interpenetration (e.g. pcu-c) known as 
catenane supramolecular isomerism and involves at least two distinct networks that have 
become mechanically bonded as two separate networks that would require disruption of at 
least one network’s connectivity to become unlinked. Catenation may be difficult to 
enumerate topologically especially when one network topology can exhibit multiple 
modes of interpenetration or polycatenation. Indeed, the study of catenation with respect 
to topology has had a growing interest for several years now.
66, 68, 147, 148
 More recently, 
this phenomenon has also been dubbed entanglement isomerism.
153
 Terminology in the 
study of catenane-type structures has been often misused due to misunderstandings in 
definitions and some basic guidelines are given herein. The term interpenetration would 
refer to a finite number of networks that are entangled but wherein overall 
dimensionality/periodicity remains the same. An example of interpenetration would be 
the two-fold interpenetration of three-dimensional networks observed in SIFSIX-2-Cu-i 
(Figure 1.22(a)).
154
 Conversely, polycatenation would refer to an infinite number of 
networks whose entanglement results in an increase in dimensionality. Robson’s structure 
(Figure 1.2(b)) is a good example of polycatenation as square lattice (sql) coordination 




Both interpenetration and polycatenation are often realised by Hopf links wherein 
the polygons (or rings) that define each network link once. A rising topic in the area of 
coordination networks, is that of partial interpenetration wherein the level of 
interpenetration is not an integer (i.e. the degree of interpenetration is not consistent 
across the entire coordination network). In contrast to mixtures of interpenetrated and 
non-interpenetrated coordination networks, partially interpenetrated networks are solid 





 Alternatively, networks may be bound together by Brunnian (e.g. 
Borromean) links. In this instance, at least three networks are entangled; however, should 
one of the networks be removed, the remaining two networks would no longer be 
entangled. Stoddart’s Borromean rings are an excellent discrete example of such knotting 
(Figure 1.22(b)).
159
 With respect to the topological understanding of interpenetration and 
polycatenation, the use of Hopf-ring nets and extended ring nets have recently been 
reported.
153
 When it comes to Hopf-ring nets, the network topologies of the coordination 
networks are drawn. The point at which each ring entangles another ring of another 
network, a new topological node is drawn; the old network topologies are removed and 
the new network topology is drawn. Indeed, for two-dimensional structures, the Hopf-ring 
net may well just lead to a one-dimensional chain. However, by creating a node at the 
point at which a network is entangled a fused-ring net is formed. The addition of the 
Hopf-ring net and fused-ring net affords the extended ring net.  
 
Figure 1.22. (a) The two-fold interpenetrated pcu HUM, SIFSIX-2-Cu-i. (b) Stoddart’s Borromean rings. 
Chirality of a coordination network may be the result of the molecules used and/or 
their packing and is the topic of optical supramolecular isomerism.
160, 161
 The MBB, 
ligand, their packing, and interpenetration can all cause chirality to occur within a 
coordination network. It can be found that the chirality of a coordination network may not 
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only be controlled by the orientation of the MBBs and ligands but also the guest 




1.6 Properties and Potential Applications 
“In our preoccupation with the detailed problems of our daily work of finding out how 
atoms are arranged in space, we are in danger of losing sight of the whole picture…”
162
 
These words originally made by Mackay (a student of Bernal) in 1975 ring true 
even today. In this chapter, there has been a preoccupation with the design of 
coordination networks by using the principles of crystal engineering. However, the 
definition of crystal engineering seeks to understand and control structure-property 
relationships. Ostensibly, the properties that may be exhibited by coordination networks 
are as varied as the underlying molecules, their combination, and packing thereof. In 
order to discuss fully the crystal engineering of functional coordination networks, just a 
few of the properties and potential applications observed are noted. Indeed, many studies 
into coordination networks focus on their properties and several reviews have been 
written regarding their properties and potential applications.
59-61
 With respect to the study 
of the properties and function of coordination networks, Kitagawa has likely explored 
more possibilities than any other researcher currently.
163
 Kitagawa has classified 
coordination networks (specifically, porous coordination polymers) into different 
“generations” based upon their properties.
164
 The term generation to classify coordination 
networks may be a misnomer as the properties and characteristics of different generations 
of coordination networks may not have been discovered nor developed in a chronological 
manner. However, as mentioned above, properties of coordination networks are derived 
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from their underlying molecules and their interactions, and therefore isostructural 
compounds may exhibit vastly different properties; placing a closely related family of 
materials into different generations of coordination networks. Herein, the properties 
observed in different generations of coordination networks and their potential applications 
are discussed.  
1.6.1 First Generation Coordination Networks 
The first generation of coordination networks enclathrate guest molecules; which, 
when removed, results in decomposition of the network. 
That the removal of guest molecules results in the decomposition of these 
coordination networks may dramatically affect their practical utility. Nonetheless, their 
study and design afforded important principles with regards to the crystal engineering of 
coordination networks. A good example of a first generation coordination network would 
be MOF-101 (Figure 1.6(a)).
88
 Indeed, this compound showed that symmetry of the MBB 
and ligand connectivity was not all that was important, as the non-coordinating functional 
groups attached to the ligand may also influence the packing of the structure. 
The stability of coordination networks is a relatively understudied area and as 
such it is difficult to determine all the compounds which may be categorised by this 
generation.
165-167
 However, some properties and potential applications of coordination 
networks may be addressed wherein the removal of the guest/porosity is not required or 
where the guest may influence the resulting properties i.e. non-porous coordination 
networks. For example, the use of appropriate MBBs and ligands can afford 
crystallisation of a coordination network in a non-centrosymmetric space group leading to 
non-linear optical properties.
168
 Indeed, control of interpenetration is a crucially important 
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aspect herein, as n-fold interpenetration requires n = 2n + 1 for the non-centrosymmetry 
to be maintained.
169
 Alternatively, a polar guest molecule may pack unsymmetrically 
within the void space of a coordination network also affording non-linear optical 
properties. Coordination networks that exhibit spin-crossover properties may also be 
studied in this regard as the origin of the properties is found within the MBB itself. Guest 
molecules have also been found to have an effect on spin-crossover properties.
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Similarly, conductivity and luminescence could be based upon the inherent nature of the 




Further, the focus on stability in coordination networks has grown significantly in 
recent years with research pointing towards both the supramolecular interactions of the 





1.6.2 Second Generation Coordination Networks 
The second generation of coordination networks may have guest molecules 
removed without the structure decomposing and thereby exhibiting “permanent porosity”. 
That the second generation of coordination networks may retain its structure upon 
removal of guest molecules and still exhibit accessible void space has been the largest 
achievement in this area of chemistry. Indeed, Robson’s recognition was that such 
properties could lead to these materials being applied much in the same way zeolites are, 




High Surface Areas. As mentioned earlier, Kitagawa’s and Yaghi’s work in the 
mid-90’s uncovered the permanent porosity of coordination networks. The storage of 
liquids and gases is of significant industrial and commercial importance. Indeed, it was 
Kitagawa who recently noted that modern society has moved from the use of solid fuels, 
to liquid fuels, and presently to gaseous fuels as a major source of energy. In this 
capacity, the superior gas sorption properties of coordination networks means they are not 
only potentially poised to being used in commercial and industrial settings but new 
coordination networks may be designed to specifically fit a niche. Indeed, both the 
storage and upgrading of gases to higher purity commodities coupled with the challenge 
of designing materials to exhibit the necessary properties creates a subject of 
technological and scientific importance applicable to both industrial and basic chemistry. 
Indeed, the U.S. Department of Energy set out fuel cell technology goals in the 
context of on-board hydrogen storage systems which led to extensive research into 
hydrogen storage in porous coordination networks.
176, 177
 The targets set out for hydrogen 
storage, to be achieved by 2020, were to obtain physical or material means to store 4.5 wt. 
% hydrogen on-board, for the storage of hydrogen to be at least 0.03 kg/L, and for the 
cost to be $333/kg of stored hydrogen capacity. Similarly, ARPA-E created the MOVE 
(Methane Opportunities for Vehicular Energy) project which set a target of >9.2 MJ/L of 
stored methane with a lifetime of 100 cycles also leading to extensive research in methane 
storage in porous coordination networks.
178-180
 It has therefore often been the desire of 
researchers to design and synthesise porous coordination networks with the highest 
possible surface areas. 
The isoreticular metal-organic framework (IRMOF, isoreticular = of the same net) 
series described by Yaghi in the early 2000’s exhibits the persistent reliability of basic 
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zinc acetate MBBs in the formation of the same net with extended di-topic ligands. He 
showed that the free volume of these structures could range from ca. 56% in IRMOF-1 




Indeed, the fidelity of a coordination network’s topology and packing upon 
expansion of the ligand means that molecular simulations can be carried out to predict the 
properties of a material before the chemist has even synthesised it. NU-100 was designed 
in silico to have long hexa-topic ligands that could form the square paddlewheel MBB, 




Figure 1.23. The porous coordination network CPO-27 (MOF-74). 
Selective Gas Sorption. The design of coordination networks for gas separations 
is ultimately the design of binding sites wherein a molecule within a gas mixture is 
preferentially adsorbed over others. This area of study has received wide attention within 
coordination networks and crystal engineering and is covered in detail in later chapters. In 
contrast to gas storage wherein high surface areas/void space are important, selective 
separation may firstly be based upon porosity (size exclusion) wherein microporous 
39 
 
cavities may adsorb smaller gas molecules while excluding larger gas molecules 
(sieving). More commonly found, however, is that coordination networks may adsorb 
small quantities of larger molecules but typically with a higher energy penalty and 
therefore the smaller gas molecule is more selective. 
The bnn-MOF CPO-27 (MOF-74) can be observed to have different gas sorption 
properties based upon the metal centre used to afford the coordination network (Figure 
1.23).
134, 182
 In the adsorption of H2 or CO2 a combination of polarizability of the 
unsaturated metal centre and the steric effects of metal-ligand bond length results in a 

















 for CO2 sorption. The differences found herein indicate 
the importance of a network’s constituents with respect to the intended guest molecule.
183
 
However, the large pores results in poorer selectivity after all open metal sites are filled. 
Further, though Mg-MOF-74 has the strongest interactions with CO2 within the series, in 
the presence of water, affinity for water adsorption is higher.
184
  
Indeed, CPO-27 and expanded analogues have been used to demonstrate post-
synthetic functionalisation with amine-type ligands.
185, 186
 In the context of selective CO2 
capture, this added functionalisation improves the separation performance of the 
materials. However, the chemisorptive nature of amine ligands implies that higher 
regeneration energies are required and a physisorptive approach may be more desirable in 
a practical setting. 
Catalytic Activity. Heterogeneous catalytic reactions are a growing part of green 
chemistry wherein the catalytically active site is bound within (or is a part of) the 
coordination network. As mentioned earlier, Fujita’s work from 1994 used the open metal 
sites of the cadmium sql coordination network to catalyse a cyanosilylation reaction and 
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may well be the first example of coordination networks used in catalysis.
67
 Chen recently 
showed the open metal sites of MIL-88B could be used to template a [2+2+2] cyclic 
trimerization reaction using 4-pyridyl compounds. Importantly, MIL-88B is afforded by 
the basic chromium acetate MBB and the open metal site was used to coordinate the 
reactants (Forming the tricapped trigonal prismatic MBB) in a manner amenable to 
cyclization.
187
   
  
Figure 1.24. The catalytically active (a) POST-1 by Kim and (b) ZnPO-MOF by Hupp. 
Kim combined the tricapped trigonal prismatic MBB with a chiral 
pyridyl/carboxylate ligand to afford POST-1, a two-dimensional coordination network 
wherein the uncoordinated pyridyl groups promoted a transesterification reaction with 8% 
enantiomeric excess (Figure 1.24(a)).
188
 Further, POST-1 was shown to be able to 
undergo post synthetic modification through N-alkylation with CH3I. In this respect, 
Cohen further developed the versatile subject of post synthetic modification wherein any 
robust coordination network could be synthesised and then the linker ligands could be 
altered in-situ to afford catalytically active sites.
137-139
 
Hupp used the pillared paddlewheel MBB with tetra-topic carboxylate ligands and 
di-topic dipyridyl-porphyrin ligands to afford ZnPO-MOF. The incorporation of a 
porphyrin unit within the coordination network was found to have a 2,420-fold 
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enhancement in the rate of an acyl transfer reaction between N-acetylimidazole and 3-
pyridylcarbinol, in comparison to the reaction without catalyst (Figure 1.24(b)).
189
 
Conversely, the guest molecule may be the catalytically active site. Eddaoudi showed that 
a Mn-metallated porphyrin molecule could be trapped within the pores of a coordination 
network constructed from In
III





Figure 1.25. A crystalline sponge coordination network as [(ZnI2)3(1,3,5-tris(4-pyridyl)triazine)]n by Fujita. 
Crystalline Sponge. A recent and exciting property espoused by second 
generation coordination networks is for their application in what is known as the 
crystalline sponge method.
191, 192
 Several important small molecules do not easily 
crystallise and so understanding of their structure is understood from NMR studies. 
However, important aspects of such molecules (particularly absolute configuration) are 
difficult if not impossible to decipher without crystallographic data. First developed by 
Fujita, the crystalline sponge method uses an electron rich coordination network such as 
[(ZnI2)3(1,3,5-tris(4-pyridyl)triazine)]n (Figure 1.25).
193
 That guest’s may be exchanged 
means that targeted compounds may be enclathrated within the coordination network. 
High quality diffraction studies coupled with the use of the electron rich coordination 
network allows for high quality diffraction data to be collected wherein the structure of 
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the guest may be solved and the Bijvoet pairs can be suitably resolved such that absolute 
configuration can also be determined.    
1.6.3 Third Generation Coordination Networks 
The third generation of coordination networks are described as being flexible or 
dynamic; they may exhibit chemical and/or physical responses to stimuli that are 
reversible. 
Kitagawa noted that drawbacks of first generation coordination networks could be 
made advantageous if the decomposition of the coordination network upon guest removal 
was reversible and the material retained its crystallinity throughout the process. In this 
respect, a coordination network could be envisaged wherein the removal of guest 
molecules could lead to a phase transformation that is reversible by re-introducing those 
guest molecules (by extension, at least one phase of the coordination network must have 
void space). 
Forms of Flexibility. Férey and Kitagawa pioneered the development of flexible 
coordination networks in the early 2000’s and since then there have been a number of 
distinct mechanisms recognised.
163, 194
 MIL-53 exhibited a breathing-type flexibility 
wherein the three-dimensional network distorts and the one-dimensional void space 
decreases upon adsorption of water molecules (Figure 1.26(a) and (b)).
133
 This action was 
associated with the hinge-like behaviour of the carboxylates about the metal node.
195
 The 
use of the basic iron acetate MBB led to the construction of MIL-88 which showed 
swelling-type flexibility wherein the pores of the structure expand upon addition of guest 
molecules.
196
 Both breathing and swelling mechanisms can be associated with the 
interactions between metal centres and ligands; however, the ligand in itself may be 
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flexible and therefore cause the coordination network to exhibit flexible behaviour. ZIF-8 
is a regularly studied example of ligand-based flexibility wherein the imidazolate linkers 
are observed to slightly rotate to allow for adsorption of gas molecules that are larger than 
what would be expected to enter the pores.
197
 Kaskel recently reported flexibility in DUT-
49 wherein the flexibility of the linker is triggered upon CH4 adsorption, leading to the 
pores shrinking, causing what was described as negative adsorption wherein the amount 




Figure 1.26. The open (a and c) and closed (b and d) phases of MIL-53 and [Co(1,4-
benzenedipyrazolate)]n. 
Interpenetrated coordination networks may also show flexible behaviour similar to 
those described above. However, that the mode of interpenetration could be altered upon 
inclusion of guest molecules (e.g. off-set and centred modes of interpenetration) means 
that there is an added type of flexibility upon inclusion of guest molecules. Indeed, 
Kitagawa showed a two-fold interpenetrated pcu coordination network constructed from 
the MN4X2 MBB wherein the metal centre was Ni
2+
, the pyridyl-type linker ligands were 
4,4ʹ-bipyridyl and the pillaring linker ligand was dicyanamide. Upon exchange of 
dicyanamide guest molecules for azide molecules the networks were found to shift with 
respect to one another leading to offset interpenetration and an increase in the effective 
pore size of one of the cavities.
200
 Two-dimensional coordination networks offer 
flexibility similar to that of minerals wherein guest molecules may be intercalated 
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between sheets. Indeed, ELM-11 (isostructural to Fujita’s sql coordination network) was 
the first in a series of sql compounds wherein the adsorption of CO2 occurred upon a 




Given the difficult requirements needed for coordination networks to be used as 
gas storage devices, flexible coordination networks may offer a better alternative. The 
mandates set out by the U.S. Department of Energy have led to the resolution that the 
majority of known (especially second generation) coordination networks exhibit a 
working capacity that is too low to be feasible for practical applications.
202, 203
 However, 
given the host-guest interaction strength and working capacity of most coordination 
networks, a coordination network could conceivably be crystal engineered wherein the 
structure “switches” from a closed to open phase at a desired pressure, thereby optimising 
working capacity within a specific pressure range. Indeed, Long was the first to point out 





 and 1,4-benzenedipyrazolate linker ligands, affording one dimensional 
channels (Figure 1.26(c) and (d)).
204
 However, hysteresis in coordination networks is 











1.7 Hybrid Ultramicroporous Materials 
Hybrid Ultramicroporous Materials are a class of coordination network that 
incorporates strong electrostatics thanks to the use of inorganic linker anions that expose 
electronegative atoms to pore walls and the use of short organic linker ligands or 
interpenetration to generate ultramicropores (≤ 0.7 nm) to exhibit strong and selective 
adsorption sites for important sorbates such as CO2 and C2H2. 
The historic importance of sql coordination networks in crystal engineering is 
evident in the works of Robson and Fujita.
58, 67
 Further, this network topology represents 
an elegant and regularly occurring subset of coordination networks. The formation of the 
square lattice is based upon linker ligand and metal node reagents that crystallise in a 2:1 
ratio and typically results in cavities that are inherently porous. Indeed, this cavity can be 
directly manipulated through linker ligand substitution to afford isostructural sql 
coordination networks with varying cavity size.
206, 207
 Likewise, metal nodes and anions 
could also be varied. That the sql coordination network occurs in a 2:1 linker/node ratio, 
the linker ligands do not necessarily need to be identical and rectangular sql coordination 
networks have been reported.
208









 anions, respectively, 
and 4,4ʹ-bipyridyl linker ligands. However, Robson obtained an interpenetrated sql (sql-
c*) coordination network, whereas Fujita obtained a laminated clay-like network. 
1.7.1 Pillaring sql Coordination Networks 
That Robson’s compound exhibited interpenetration resulted in the generation of a 
three-dimensional structure. The generation of three-dimensional architectures via 
extension of sql coordination networks is attractive thanks to their modularity.  That the 
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6-c MN4X2 MBB constitutes ca. 50 % of all MBBs observed in this chapter’s CSD survey 
implies that this MBB exhibits good propensity to form coordination networks. The 
position of the anion within Robson’s compound results in the cavity being filled, 
however, isostructural coordination networks with terminal anionic ligands bound at the 
axial position have been reported affording a porous sql-c* coordination network with 
interesting spin-crossover properties.
170
 Conversely, Fujita’s clay-like sql coordination 
network also exhibits terminally coordinated ligands on the axial position which may 
afford cross-linking between two-dimensional layers to afford a three-dimensional 
framework. This approach has been historically used by clay chemists who have used the 
term ‘pillaring’. Subramanian and Zaworotko saw that if Robson’s compound were to be 
synthesised in anhydrous conditions then a pillared sql coordination network may be 
afforded thanks to the ability of SiF6
2-
 anions to act as linear linkers between metal nodes. 
Indeed, in 1995, they reported the prototype of hybrid pillared square grid coordination 
networks: SIFSIX-1-Zn, [Zn(4,4ʹ-bipyridyl)2(SiF6)]n (Figure 1.27).
114
 This network did 
not exhibit interpenetration, but large square pores parallel to the inorganic pillar. In a 
similar manner, one can see that DMOF-1 is the cross-linking of MOF-2 ([Cu(1,4-
benzenedicaboxylate)(H2O)]n)
70
 layers with DABCO pillars.  
1.7.2 Linker and Pillar Substitution in HUMs 
pcu Networks. Later, Kitagawa showed the extended modularity of this class of 
hybrid pillared square grid materials by demonstrating that several types of 
hexafluorometalate anions could be used to afford the pcu coordination network.
209
 
Similarly, Hosseini has expanded on the use of different bis(pyridyl)-type linker ligands 
in the formation of these pcu coordination networks.
210
 The crystal packing of the pcu 
nets means that given sufficient distances in both the pillaring and the linking directions, 
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a second network may interpenetrate the first to afford a two-fold interpenetrated pcu 




Figure 1.27. Zaworotko cross-linked Zn(4,4′-bipyridyl)2 sql coordination networks with SiF6
2-
 inorganic 
pillars to afford a pcu hybrid pillared square grid coordination network, SIFSIX-1-Zn. 
It had also been demonstrated that it is not just hexafluorometalate anions that can 
be used as pillars. The use of dichromate pillars afforded pcu coordination networks that 
exhibited an offset stacking of the sql coordination networks. This offset packing of 
square grids afforded two possible modes of interpenetration: the commonly observed 
mode wherein pillars of either network are parallel (observed in e.g. DICRO-1-Ni-i 
([Ni(4,4ʹ-bipyridyl)2(Cr2O7)]n)
212
 and DICRO-3-Ni-i ([Ni(1,2-bis(4-
pyridyl)diazene)2(Cr2O7)]n)) (Figure 1.28(a)),
115
 and a new mode of packing wherein the 
square grids of the pillared networks interpenetrate in a similar manner to that observed in 




mmo Networks. Alternatively, Zaworotko demonstrated that tetrahedral 
inorganic pillars could also be used. However, the cross-linking of square grids with 
tetrahedral linkers meant that the resulting coordination network exhibited a newly 





 The mmo coordination network, e.g. MOOFOUR-1-Ni ([Ni(1,2-bis(4-
pyridyl)ethylene)2(MoO4)]n), is unique in that the square grids exhibit three-fold 
interpenetration that are pillared to form a self-interpenetrating three-dimensional 
coordination network (Figure 1.28(c)).    
 
Figure 1.28. (a) Two-fold interpenetration of DICRO-1-Ni-i. (b) A different mode of two-fold 
interpenetration observed in DICRO-2-Ni-i. (c) The self-interpenetrating packing of the mmo network 
topology observed in CROFOUR-1-Ni. 
1.7.3 The Inherent Properties of HUMs 
In 2009, students of Kitagawa, Uemura and co-workers, observed from literature 
that pore size may have a significant impact on gas separations and suggested that 
ultramicropores (≤ 0.7 nm) may offer sufficient size-exclusion effects for gas 
separations.
215
 They designed and synthesised an analogue of SIFISX-1-Zn through 
linker ligand substitution: replacing 4,4′-bipyridyl with pyrazine, creating what would be 
the first Hybrid Ultramicroporous Material (HUM), SIFSIX-3-Zn 
([Zn(pyrazine)2(SiF6)]n). The H2 sorption properties of this compound were studied but 
the key properties of this class of materials were not yet realised. In 2012, Zaworotko 
demonstrated the importance of pore chemistry in hybrid pillared square grid materials by 
subjecting two new compounds to CO2, CH4 and N2 gas sorption studies; SIFSIX-1-Cu 
([Cu(4,4-bipyridyl)2(SiF6)]n) and SIFSIX-7-Cu ([Cu(1,2-bis(4-
pyridyl)ethylene)2(SiF6)]n).
216
 These studies indicated that both compounds had 
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considerable selectivity towards CO2 over both CH4 (SCM) and N2 (SCN) in the absence of 
open metal sites. The importance of inorganic pillars in the fine-tuning of pore chemistry 
was not yet certain. 
CO2 Capture. In 2013, Zaworotko and Eddaoudi reported the CO2 sorption 
properties of three hybrid pillared square grids in the context of pre- and post-combustion 
separations, and natural gas upgrading: the interpenetration polymorphs SIFSIX-2-Cu 
and SIFSIX-2-Cu-i ([Cu(1,2-bis(4-pyridyl)acetylene)2(SiF6)]n), and the previously 
reported SIFSIX-3-Zn.
154
 Indeed, the context of these studies was both of scientific and 
technological interest as 15% of global energy production is associated with 
separation/purification of industrial commodities.
217
 It was demonstrated that the 
difference in pore size (SIFSIX-2-Cu vs. SIFSIX-2-Cu-i) had a significant impact 
wherein the HUM (SIFSIX-2-Cu-i) had better performance. However, computational 
studies indicated that the alignment of SiF6
2-
 anions within SIFSIX-3-Zn afforded a 
benchmark molecular trap for CO2 which interacted with the inorganic pillars through 
induced dipole interactions.  
Subsequently, Zaworotko subjected SIFSIX-1-Cu to crystal engineering studies 




 anions resulting in the structures 
TIFSIX-1-Cu ([Cu(4,4′-bipyridyl)2(TiF6)]n) and SNFSIX-1-Cu ([Cu(4,4′-
bipyridyl)2(SnF6)]n), respectively.
218





 leads to stronger sorbent-sorbate interactions with CO2 thanks to the increased 
polarizability of Ti
4+
 atoms. Indeed, it was noted the increased isosteric heats of 
adsorption (Qst) observed for TIFSIX-1-Cu were comparable to that observed for some 
chemisorbents, meaning that the use of highly selective physisorbents in gas separations 
could be feasible. Eddaoudi later reported SIFSIX-3-Ni ([Ni(pyrazine)2(SiF6)]n) which 
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In comparison to other benchmark materials (both chemi- and physisorbents), 
Zaworotko and Curtin demonstrated the direct air capture (DAC) of CO2 by SIFSIX-3-
Ni.
184
 DAC is an attractive approach to CO2 emission mitigation as it can offer an at-
source solution as well as enabling onsite production of CO2 for e.g. greenhouse plant 
production and algae-driven biofuel production. However, DAC requires highly CO2-
selective materials as there is ca. 400 ppm CO2 in Earth’s atmosphere. Remarkably, 
SIFSIX-3-Ni was found to be able to absorb 8 mg/g of CO2. However, DAC means that 
adsorption occurs in the presence of elevated humidity (ca. 49% relative humidity, RH) 
and SIFSIX-3-Ni was observed to adsorb much higher quantities of water (ca. 93 mg/g). 
Although SCN in HUMs had been shown to be setting new benchmarks, the selectivity of 
CO2 over water (SCW) as well as hydrolytic stability will be a persistent challenge given 
the size and chemistry of the two molecules. Recently, two HUMs that are isostructural to 
SIFSIX-3-Ni have been shown to exhibit improved hydrolytic stability, sorbent-CO2 





 The improved performances in the context of 
CO2 capture is attributed to the stronger electrostatics imparted by the inorganic pillars.  
C2H2 Capture. Given the quantity of global energy production associated with 
industrial commodity separation/purification, research into gas separations in HUMs has 
recently turned to the separation of hydrocarbon gas mixtures. Specifically, ethylene 
(C2H4) is the world’s highest volume chemical feedstock (>150 M tonnes/year),
222
 with 
much of the production going towards polyethylene production. In the production of 
C2H4, ca. 1% of acetylene (C2H2) remains which either requires hydrogenation (needing 
51 
 
careful monitoring) or removal from C2H4 feedstocks – through cryogenic distillation or 
solvent extraction. The concentration of C2H2 in C2H4 feedstocks must be below 40 ppm 
to preclude catalyst poisoning during polyethylene production. 
In 2016, Zaworotko, Chen, and Xing reported the study of C2H2/C2H4 separations 
in SIFSIX-1-Cu, SIFSIX-2-Cu, SIFSIX-2-Cu-i, and SIFSIX-3-Zn.
223
 The adsorption of 
C2H2 within these pores exhibited different motifs: In all cases, C-H∙∙∙F hydrogen bonds 
are observed, however, in SIFSIX-1-Cu and SIFSIX-2-Cu half of each C2H2 molecule 
undergoes hydrogen bonding with the inorganic pillar and the other half exhibits C-H∙∙∙π 
(sorbate-sorbate) interactions. Conversely, the packing of inorganic pillars within the two-
fold interpenetrated pcu network of SIFSIX-2-Cu-i, provides a molecular trap wherein 
C2H2 molecules hydrogen bond to neighbouring pillars of different networks. Given the 
pore size and positioning of inorganic pillars in SIFSIX-3-Zn, C2H2 molecules were 
found to sit between the pyrazine rings. Indeed, SIFSIX-1-Cu exhibited a high storage 
capacity of C2H2 at room temperature and pressure (8.5 mmol/g). However, that SIFSIX-
2-Cu-i exhibited molecular trap properties for C2H2 capture meant that this HUM 
exhibited benchmark selectivity for C2H2 over C2H4 (SAE = 44) and in a 1/99 C2H2/C2H4 
dynamic gas breakthrough experiments was able to capture 0.73 mmol/g C2H2 per cycle, 
producing 99.998% pure C2H4 for 140 minutes and showing no decline in performance 
for up to 16 cycles.       
Following the observations that the non-interpenetrated pcu HUMs constructed 
from pyrazine linkers exhibited benchmark CO2 capture properties and the two-fold 
interpenetrated pcu HUMs constructed from 1,2-bis(4-pyridyl)acetylene linkers exhibited 
benchmark C2H2 capture properties, Zaworotko investigated C2H2/CO2 and CO2/C2H2 





 Such gas mixtures are difficult to separate due to similar 
boiling points and kinetic diameters of the molecules. Nonetheless, the CO2 selectivity of 
SIFSIX-3-Ni and C2H2 selectivity of TIFSIX-2-Cu-i meant that closely related HUMs 
could be demonstrated to selectively separate either gas from a CO2/C2H2 gas mixture 
thanks to their ultramicroporosity, strong electrostatics of the pore walls, and crystal 
packing of the molecular traps.  
Other Gas Sorption Applications. The industrial significance of Xe means that 
the separation of Xe/Kr mixtures is of practical relevance which normally requires energy 
intensive cryogenic distillation. Zaworotko and Thallapally recently demonstrated the use 
of an mmo network, CROFOUR-1-Ni ([Ni(1,2-bis(4-pyridyl)ethylene)2(CrO4)]n), in 
separating Xe/Kr mixures wherein Xe fits between six terminal oxygen atoms of the 
chromate pillar.
225
 Computational studies suggested that Kr does not have as strong 
sorbent-sorbate interactions due to its smaller polarizability leading to a benchmark 
separation performance of 1:4 Xe/Kr gas mixtures at 298 K. 
Eddaoudi has since expanded on the sorption properties of pyrazine-type HUMs. 
Specifically, the capture of propylene from 50:50 propylene/propane mixtures by 
NbOFFIVE-1-Ni
226
 and water capture in the context of natural gas dehydration by 
AlFFIVE-1-Ni ([Ni(pyrazine)2(AlF5)]n).
227
 Both compounds demonstrated benchmark 







1.8 Conclusions and Future Directions 
If one can control the crystal structure, and the crystal structure is fine-tuneable, then one 
may have control over the structure’s function. 
For the crystal engineering of functional coordination networks, it should be expected 
that all information needed for design is present in the chemistry and symmetry of the 
underlying molecules/MBBs. Through the use of tools such as the CSD; elucidation of 
underlying network topologies; knowledge of MBBs and appropriate ligands; 
understanding of supramolecular interactions; and improved instrumentation and 
computation that yields better structural characterisations, it is not difficult to see that 
solid-state chemistry has reached a point wherein coordination networks may be 
obtainable from first principles. Further, once a prototype structure has been obtained, a 
coordination network may typically be extrapolated upon (or post synthetically modified) 
and thereby have the properties altered and fine-tuned. It is difficult to determine from 
which direction the crystal engineer should start the design process, but it is ultimately a 
combination of all available information and is directed by their goals. In the case of 
functional coordination networks, the design of properties is paramount and a crystal 
engineering strategy may be as follows: 
(i) Identify the target property or key problem to be addressed. (e.g. selective gas 
separations, asymmetric catalysis, non-linear optics etc.). 
(ii) Identify the criteria required by the coordination network to afford the desired 




(iii) Identify the appropriate symmetry of the nodes and linkers as well as 
interpenetration. 
(iv) Identify the best molecular building blocks and ligands that may afford the 
symmetry and properties of the desired coordination network. 
(v) Identify the best method to obtain the coordination network. (e.g. layering 
reactions, solvothermal reactions, template-based reactions, post-synthetic 
modification, two-step crystal engineering etc.). 
(vi) Characterise the structure and properties of the coordination network. (e.g. 
atomic structure, thermal stability, porosity etc.). 
(vii) Implement and assess the performance of the coordination network for its 
intended application. 
(viii) fine-tune the structure to afford a new coordination network with improved 
properties. 
Indeed, as a nascent subject in chemistry, it is often the case that coordination 
networks yield unexpected and exciting results serendipitously. Nonetheless, once these 
properties of basic science are observed and understood, a crystal engineering approach 
could still be applied to afford new and better materials.  
The crystal engineering of functional coordination networks is inherently 
interdisciplinary given the broad scope of what coordination networks could do with the 
properties they exhibit. Indeed, areas such as chemistry, crystallography, and mathematics 
have already been noted as playing important roles in crystal engineering. To further 
understand properties and structure-function relationships computational analysis as well 
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as in-situ experiments are also becoming more routine and more important to developing 
the principles of crystal engineering. 
Given the recent separation performance of 1:99 C2H2/C2H4 gas mixtures observed in 
HUMs, this thesis will cover the crystal engineering of a new HUM, SIFSIX-14-Cu-i 
([Cu(1,2-bis(4-pyridyl)diazene)2(SiF6)]n), in the context of 1:99 C2H2/C2H4 gas 
separation. Further, the balancing of uptake capacity and selectivity and the importance of 
the molecular trap in separation performance is investigated. The study of HUMs is 
expanded to investigate the influence of different pillars and ligands in the context of this 
separation. Finally, benchmark HUMs are investigated for the practically important 
property of hydrolytic stability and is extended by an investigation of other hybrid 
pillared square grid materials to understand the factors influencing hydrolytic stability in 
this class of coordination networks.   
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Chapter 2  
An Ideal Molecular Sieve for Acetylene Removal from 
Ethylene with Record Selectivity and Productivity 
 
Realization of ideal molecular sieves, in which the larger gas molecules are 
completely blocked without sacrificing high adsorption capacities of the preferred smaller 
gas molecules, can significantly reduce energy costs for gas separation and purification, 
and thus facilitate a possible technological transformation from the traditional energy-
intensive cryogenic distillation to the energy-efficient, adsorbent-based separation and 
purification in the future. Although extensive research endeavours are pursued to target 
ideal molecular sieves among diverse porous materials, over the past several decades, 
ideal molecular sieves for the separation and purification of light hydrocarbons are rarely 
realized. Herein, an ideal porous material, SIFSIX-14-Cu-i (also termed as UTSA-200), 
is reported with ultrafine tuning of pore size (3.4 Å) to effectively block ethylene (C2H4) 





0.01 bar and 298 K). The material therefore sets up new benchmarks for both the 
adsorption capacity and selectivity, and thus provides a record purification capacity for 
the removal of trace C2H2 from C2H4 with 1.18 mmol g
−1
 C2H2 uptake capacity from a 
1/99 C2H2/C2H4 mixture to produce 99.9999% pure C2H4 (much higher than the 





2.1 Note to Readers 
This chapter was previously published (Adv. Mater. 2017, 29, 1704210) and has 
been reprinted with the permission of John Wiley and Sons. Daniel O’Nolan contributed 
to the characterisation of the materials, analysis of the data, and writing of the 
manuscript. Bin Li, Xili Cui, and Daniel O’Nolan contributed equally to this publication. 
Details of contributions made by Daniel O’Nolan to this chapter are listed in Appendix 
H. Supporting Information can be found in Appendix B. 
 
2.2 Introduction 
Porous materials offer promise for the separation and purification of industrial 
commodity chemicals through adsorbent- and/or membrane-based separation 
technologies and thus might enable a transition from established separation technologies 
such as cryogenic distillation, which currently accounts for 10–15% of the world's energy 
consumption.
1-4
 Although such promise has not yet been fulfilled, extensive research 
efforts have indeed led to progress over the past several decades. For example, the 




Pore tuning and pore functionalization are two powerful approaches to introduce 
molecular sieving and preferential binding effects and thus are very important to target 
porous materials for the efficient gas separation and purification, as clearly demonstrated 
in ETS-4 series and zeolite LiX materials for CH4/N2 and N2/O2 separations, 
respectively.
5, 7
 Whereas traditional zeolite-type materials are quite limited in terms of 
tuning pore size and functionalization (basically through control of the thermal activation 
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and substitutions of metal cations) microporous metal–organic frameworks, and related 
classes of materials have provided us the rich chemistry to realize fine pore tuning and 
functionalization, and thus target materials for gas separation and purification through the 
judicial choice of metal clusters and organic linkers, framework topology design, 
framework interpenetration control, and immobilization of specific functional sites.
8-16
 
Indeed, a number of microporous metal–organic frameworks (MOFs) have been realized 
to address a diverse range of gas separations over the past decades through a synergistic 
approach to pore tuning and functionalization.
17-27
 Recent progress on this topic for the 
separation of C2H2/C2H4 and C3H6/C3H8 is of particular interest.
28, 29
 In the former case of 
SIFSIX-2-Cu-i, the trade-off between adsorption capacity and selectivity for separating 
the challenging gas mixtures of C2H2/C2H4 has been significantly minimized; in the latter 
case, NbOFFIVE-1-Ni exhibits a molecular sieving effect for C3H6/C3H8 separation. 
Although these two porous materials exhibit benchmark performance for the above-
mentioned gas separations, they still suffer from a certain degree of the trade-off effects: 
the C2H2/C2H4 selectivity (SAC) of SIFSIX-2-Cu-i does not preclude coadsorption of the 
larger molecule, C2H4, when C2H2 is a minor impurity; NbOFFIVE-1-Ni can adsorb 





), deviating from the ideal molecular sieves (ideal molecular sieves are 
defined as those which can completely block the larger gas molecules and take up large 
amount of the smaller gas molecules from gas mixtures). Realization of ideal molecular 
sieves can certainly enable ultrahigh selectivity and working capacity for diverse gas 
separations and thus improve the product purity and adsorbent productivity in the 
adsorption-based separation process that is driven by pressure swing adsorption, thermal 
swing adsorption, or membrane-based operations, to result in significant energy 
savings.
30-35
 To the best of our knowledge, there are only a few reported molecular sieves 
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for carbon capture and separation of olefin/paraffin gas mixtures.
29, 36-41 
We target this 
matter herein through the study of SIFSIX-14-Cu-i (UTSA-200), a new variant of 
SIFSIX-2-Cu-i, to realize the ideal molecular sieve for separation and purification of 
C2H2/C2H4 mixtures with the highest selectivity and C2H4 productivity yet reported. 
 
Figure 2.1. Structure description of UTSA-200a. (a) The channel structure of UTSA-200a reveals a pores 
size of ≈3.4 Å. (b) DFT-D-calculated C2H2 adsorption models in UTSA-200a, revealing that this pore size 
enables the passage of C2H2 molecules. (c) Simulated C2H4 adsorption in UTSA-200a indicating that the 
C2H4 molecules are too large to pass through the pores. (d) Schematic illustration of ideal molecular sieves 
based on the structure of UTSA-200a⊃C2H2, in which larger cavities suitable for strongly binding 
C2H2 molecules are interconnected by narrow apertures that serve as sieves for C2H4 but not for C2H2. The 
different nets are highlighted in gray and purple for clarity. Color code: Cu (turquoise), Si (dark green), F 
(red), N (blue), C (gray), and H (green spheres). 
Structural and modelling studies have indicated that the pores of about 4.4 Å in 
SIFSIX-2-Cu-i remain slightly larger than the size of C2H4 (kinetic dimensions 4.2 Å)
42
 
and thus cannot exhibit a sieving effect for C2H4 (Figure S2.3, Appendix B). We 
speculated that if a shorter organic linker of 1,2-bis(4-pyridyl)diazene (ligand 14, 9.0 Å) 
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instead of 1,2-bis(4-pyridyl)acetylene (ligand 2, 9.6 Å) is used to construct the 
isoreticular SIFSIX-14-Cu-i/UTSA-200 (Figure 2.1), the resulting microporous material 
would be expected to exhibit a smaller pore size of ≈3.3–4.0 Å that might completely 
block C2H4 molecules while enhancing the affinity of the functional SiF6
2−
 sites toward 
C2H2, thus targeting an ideal molecular sieve for the efficient removal of C2H2 from a 
1/99 C2H2/C2H4 mixture to produce high purity C2H4 in a much higher production scale 
than SIFSIX-2-Cu-i. Our experimental and simulation studies verify this hypothesis, and 
we report herein the structure, adsorption isotherms, simulated and experimental 
breakthrough curves of SIFSIX-14-Cu-i (UTSA-200). These data reveal that SIFSIX-14-
Cu-i (UTSA-200) is a new benchmark porous material for the removal of C2H2 from 
C2H4 in a 1/99 mixture that mimics what is present in large-scale industrial ethylene 
production processes. 
 
2.3 Results and Discussion 
Reaction of ligand 14 with Cu(SiF6) afforded saffron prism-shaped crystals of 
[Cu(14)2(SiF6)]n (see Appendix B for synthetic and crystallographic details). The single-
crystal X-ray diffraction analysis revealed that UTSA-200 has doubly interpenetrated 
networks that are isostructural to SIFSIX-2-Cu-i.
18
 After removing guest molecules, we 
further collected the desolvated structure, that is, UTSA-200a, by using neutron powder 
diffraction experiments at 200 K. As revealed by Figure 2.1(a), the use of the shorter 
ligand 14 instead of ligand 2 as a linker offers: (i) a commensurate reduction on the pore 
size; and (ii) a certain degree of tilting of the pyridine moieties, which are rotated by 
around 28 degrees with respect to the crystal axis (Figure S2.4, Appendix B). The 
SiF6
2−
 pillars and pyridine rings are interconnected through a strong hydrogen bonding of 
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C-H⋅⋅⋅F (2.326 Å) to restrict the rotation of pyridine rings. This tilt of pyridine rings 
thereby results in the pore size of UTSA-200a being notably reduced to 3.4 Å. In 
addition, the channels of UTSA-200a exhibit the features of ideal molecular sieves, in 
which larger cavities functionalized with the SiF6
2−
 binding sites are interconnected by 
narrow apertures of 3.4 Å (molecular sieving dimension, Figure 2.1(d); Figure S2.5, 
Appendix B). This narrow aperture size was further confirmed by the calculated pore size 
distributions, where the pore sizes of UTSA-200a are less than 3.6 Å (Figure S2.6, 
Appendix B), in good agreement with the results from structural analysis. We note that 
the aperture size of 3.4 Å is much smaller than the kinetic diameter of C2H4 molecules 
(4.2 Å) but slightly larger than that of C2H2 (3.3 Å), consistent with the potential for 
selective molecular sieving in C2H2/C2H4 separations. 
We first performed detailed modelling studies using the first-principles 
dispersion-corrected density functional theory (DFT-D) method on UTSA-200a and 
compared the results with SIFSIX-2-Cu-i to evaluate the possible sieving effect on 
C2H2/C2H4 molecules. In the 2-fold interpenetrated structure of SIFSIX-2-Cu-i, the 
aperture size of 4.4 Å is larger than both C2H2 and C2H4, thereby allowing both C2H2 and 
C2H4 molecules to enter the cavities (Figure S2.3, Appendix B). Each adsorbed C2H2 or 
C2H4 molecule is simultaneously bound by two SiF6
2−
 sites from different nets through 
cooperative C-H⋅⋅⋅F H-bonding (2.015 Å for C2H2 and 2.186 Å for C2H4).
28
 When the 
aperture size was reduced to 3.4 Å in UTSA-200a, computational results indicated that 
the contracted aperture size still allowed C2H2 molecules to enter the pore cavities and 
bind in the same fashion upon adsorption (Figure 2.1(b)). The calculated distance of C-
H⋅⋅⋅F H-bonding in UTSA-200a is shorter (1.900 Å) than that in SIFSIX-2-Cu-i (Figure 
S2.7, Appendix B). In contrast, when loading a C2H4 molecule into the pores, we found 
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that the C2H4 molecule would have inevitable space overlapping with the pore walls of 
UTSA-200a (Figure 2.1(c)), suggesting that the size of C2H4 may mismatch with the host 
framework and thereby be size excluded. These calculated studies support the suggestion 
that the contracted pore size of UTSA-200a (vs SIFSIX-2-Cu-i) might enable sieving of 
C2H2 from C2H4. 
The performance of UTSA-200a was determined by examining its gas sorption 
and separation properties. As illustrated in Figure 2.2(a), UTSA-200a exhibits almost no 
N2 uptake at 77 K, indicating that even N2 (3.64 Å) is blocked at this low cryogenic 
temperature because of the small aperture size. On the other hand, for CO2 (kinetic 




) at 196 K and 1 bar with type I 
sorption behaviour characteristic of microporous materials. The Brunauer–Emmett–Teller 


















Pure component equilibrium adsorption isotherms for C2H2 and C2H4 were 
measured at 298 K up to 1 bar, as presented in Figure 2.2(b). Detailed analysis revealed 




 at 298 K and 1 
bar. This value is comparable to the uptake of SIFSIX-2-Cu-i and is expected thanks to 
their similar pore chemistry. However, contraction of pore size in UTSA-200a was found 
to enable higher uptake than SIFSIX-2-Cu-i within the low pressure of 0.025 bar 
(Figure 2.2(c)). At 0.01 bar, which is an indicator of the C2H2 capture ability of 
adsorbents from a C2H2/C2H4 mixture (1/99, v/v), UTSA-200a exhibits notably enhanced 








). In comparison to other 
top-performing materials, UTSA-200a exhibits a new benchmark for C2H2 uptake at 0.01 
bar (Figure 2.2(d)), even higher than Mg- and Fe-MOF-74, indicating its ultrastrong 
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C2H2 capture capacity at low pressure. Conversely, as revealed by Figure 2.2(b), the 
smaller static pore size of UTSA-200a can completely prevent the entrance of 
C2H4 molecules below 0.2 bar and has very little uptake (≈0.25 mmol g
−1
) up to 0.7 bar at 
298 K, which is dramatically lower than that of SIFSIX-2-Cu-i (2.28 mmol g
−1
). When 
the pressure was further increased to 1 bar, C2H4 adsorption isotherms sloped up. This is 
because the N=N bond and the pyridine rings in the MOF linker have certain rotational 
flexibility, so the pore sizes were slightly enlarged under higher pressure (larger than 0.7 
bar) to take up small amount of C2H4 molecules (Figure S2.8, Appendix B). Nevertheless, 
the C2H4 uptake amounts of UTSA-200a in the entire range of 1 bar are still the lowest 
among the indicated materials (Figure S2.9, Appendix B). Therefore, our adsorption 
findings demonstrated that the contracted pore size of UTSA-200a exhibits efficient 
blocking of C2H4 molecules without sacrificing its high C2H2 adsorption capacity, 
rendering UTSA-200a an ideal candidate for C2H2/C2H4 separation at ambient conditions.  
To gain further insight into the ultra-strong C2H2 adsorption and confirm the 
calculated C2H2 binding sites, high-resolution neutron powder diffraction data were 
collected on C2D2-loaded samples of UTSA-200a and Rietveld structural refinements 
were conducted (Figure S2.11, Appendix B). After the samples were loaded with various 
amounts of C2D2 molecules, the crystal lattice was slightly distorted from the tetragonal 
symmetry to a monoclinic lattice. As shown in Figure 2.2(e) and (f), each adsorbed C2D2 
molecule interacts with two SiF6
2−
 anions from different nets through cooperative C-D⋅⋅⋅F 
H-bonding, which is consistent with the previous calculated C2H2 binding configuration. 
Because of the smaller pore size, the experimentally determined H-bonding length in 




Figure 2.2. Gas adsorption isotherms and neutron crystal structure of UTSA-200a·C2D2. (a) Gas 
adsorption isotherms of UTSA-200a for CO2 at 196 K and N2 at 77 K. Adsorption isotherms of 
C2H2 (circles) and C2H4 (triangles) for UTSA-200a and SIFSIX-2-Cu-i at 298 K in two pressure regions, 
(b) 0–1.0 bar and (c) 0 –0.05 bar. Filled/empty circles represent adsorption/desorption. (d) Comparison of 
C2H2 uptake for UTSA-200a and other best-performing materials at 0.01 bar. Neutron crystal structure of 
UTSA-200a·C2D2 at 200 K viewed along the (f) b- and (e) c-axis, determined from Rietveld analysis (the 
different nets are highlighted in purple and dark green for clarity). Colour code: D, white; C (in C2H2) 
orange. 
further indicating that there are stronger interactions with C2H2 molecules. Consistent 
with this, the calculated static binding energy (∆E) of C2H2 for UTSA-200a (56.0 kJ 
mol
−1
) is larger than that of SIFSIX-2-Cu-i (52.9 kJ mol
−1
), making it the strongest 
C2H2 adsorption observed in SIFSIX and related materials. This is the primary factor for 
the ultrahigh C2H2 adsorption capacity of UTSA-200a at very low pressures. Further 
diffraction measurements show that the structure can be completely restored after 
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removing C2D2 from the sample, suggesting that the adsorption-induced lattice distortion 
is a temporary effect and the sample does not lose crystallinity. 
Given the observations of molecular exclusion of C2H4 and ultra-strong 
C2H2 capture capacity, UTSA-200a was found to exhibit an extraordinary ideal adsorbed 
solution theory (IAST) selectivity of over 6000 at 1 bar and 298 K for binary 
C2H2/C2H4 (1/99, v/v) mixtures, significantly higher than the previous top-performing 
materials (Figure 2.3(a)). It should be pointed out that this value is only for the purpose of 
qualitative comparison. We also calculated the uptake ratios of C2H2/C2H4 (at 0.01/0.01 
or 0.01/0.99 bar) determined from single-component isotherms
40
 and compared with other 
reported MOFs (Figure S2.12, Appendix B). These data also clearly demonstrate the 
superior selectivity of UTSA-200a for the separation of C2H2/C2H4 mixtures. In addition, 
UTSA-200a also exhibits the highest C2H2 uptake (1.74 mol kg
−1
) for adsorption from 
this gas mixture, which is much higher than the benchmark MOFs evaluated in 
Figure 2.3(b). UTSA-200a is to our knowledge the first example of a porous material that 
fully overcomes the trade-off between selectivity and uptake capacity in which it exhibits 
not only benchmark selectivity but also record-high uptake capacity in the context of 
C2H2/C2H4 separation. 
Next, transient breakthrough simulations were performed to validate the feasibility 
of using UTSA-200a in a fixed bed for the separation of 1/99 C2H2/C2H4 mixture that 
mimics the industrial process. Figure 2.3(c) reveals the molar concentrations of 
C2H2/C2H4 exiting the adsorber packed with UTSA-200a as a function of the 
dimensionless time, τ, at 1 bar and 298 K. Complete separation was accomplished by 
UTSA-200a, whereby C2H4 breakthrough occurred first, within seconds, to yield 




Figure 2.3. IAST calculations, simulated and experimental column breakthrough studies of UTSA-200a for 
C2H2/C2H4 (1/99) mixtures. Comparison of the (a) IAST selectivity and (b) C2H2 uptake capacity of UTSA-
200a versus the other best-performing materials. (c) Simulated column breakthrough curves for 
C2H2/C2H4 separation with respect to various MOF materials as indicated. (d) Plots of the amount of 
C2H2 captured as a function of τbreak in the simulated column breakthrough for UTSA-200a and the other 
indicated materials. (e) Experimental column breakthrough curves for C2H2/C2H4 separations with UTSA-
200a, SIFSIX-2-Cu-i, SIFSIX-1-Cu, and SIFSIX-3-Zn at 298 K and 1.01 bar. (f) The recyclability of 
UTSA-200a under multiple mixed-gas column breakthrough tests. 
(τbreak). Attributed to the record-high selectivity and C2H2 uptake capacity, the τbreak value 
for UTSA-200a is more than twice as long as that observed in the previous benchmark, 
SIFSIX-2-Cu-i. Further, during the time 0–τbreak, the C2H2 amount captured by UTSA-
200a reaches up to 2,133.3 mmol L
−1
, which is 3–30 times higher than SIFSIX-2-Cu-i 
(780.0 mmol L
−1
) and other benchmark materials (Figure 2.3(d)). Overall, the separation 




These simulated results prompted us to further evaluate the separation 
performance of UTSA-200a in the actual separation. Experimental breakthrough studies 
were conducted for a C2H2/C2H4 (1:99, v/v) mixture at room temperature. As illustrated 
in Figure 2.3(e), highly efficient separation for a C2H2/C2H4 mixture was achieved by 
UTSA-200a: the C2H4 gas eluted through the adsorption bed immediately as a high-purity 
grade (Figure S2.14, Appendix B), whereas C2H2 was retained in the packed column over 
1500 min (the concentration in the outlet below 40 ppm). This C2H2 breakthrough time is 
two times longer than SIFSIX-2-Cu-i (≈800 min), in good agreement with the simulated 
breakthrough results. Detailed gas chromatography data revealed that the purity of 
C2H2 in the outlet effluent was below 1 ppm up to 1300 min, affording high C2H4 purity 
of >99.9999% (Figure S2.15, Appendix B). The C2H2 concentration is notably less than 
the acceptable level of <40 ppm for polymer-grade C2H4 gas. During the breakthrough 
process, the C2H4 production from the outlet effluent and the C2H2-captured amount for a 
given cycle were analysed to be a record high of 85.7 and 1.18 mmol g
−1
, respectively, 
which is much higher than the 47.4 and 0.73 mmol g
−1
 observed in SIFSIX-2-Cu-i. The 
adsorbed C2H2 can be further recovered in a two-step process via adsorption followed by 
desorption at 338 K, offering a 93.6% recovery of a C2H2 capacity of 1.105 mmol g
−1
 per 
cycle, with a 97% purity (Figures S16 and S17, Supporting Information). This recovered 
C2H2 purity is notably higher than the 89% obtained in SIFSIX-2-Cu-i. These results 
indicate that UTSA-200a offers the potential to effectively separate C2H2 from C2H4 and 
simultaneously produce both gases in high purity. 
The feed gases in a practical C2H2 removal unit are often contaminated by trace 
levels of CO2 (<50 ppm), H2O (<5 ppm), and O2 (<5 ppm),
43
 so the amenability to 
recycling and its efficacy in the presence of these gases must be also addressed. To 
investigate the influence of these other gases, we conducted a series of breakthrough 
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experiments on UTSA-200a for the 1/99 mixtures containing trace amounts of CO2, H2O, 
and O2, respectively. The presence of CO2 (100 ppm) and O2 (up to 2,200 ppm) has a 
negligible effect on the separation capacity of UTSA-200a (Figures S18 and S19, 
Supporting Information). Similarly, the moisture (from 6 to 1,340 ppm) also did not affect 
the separation of C2H2 from C2H4 (Figure S2.20, Appendix B). Subsequently, we 
performed multiple mixed-gas (C2H2/C2H4 at 1/99) column breakthrough tests to examine 
the preservation of separation performance of UTSA-200a at ambient conditions. The 
recycling measurements revealed that UTSA-200a retains the C2H2 capture capacity and 
its molecular sieving over 12 cycles (Figures S2.21 and S2.23, Appendix B). The 
breakthrough time remains almost unchanged during twelve breakthrough experiments, 
confirming the recyclability of this material for C2H2/C2H4 separation (Figure 2.3(f)). As 
inferred from the PXRD performed on associated samples, the framework of UTSA-200a 




Removal of acetylene from acetylene/ethylene mixture (1/99) is one of the most 
important but challenging industrial-scale gas separations and is currently affected by 
energy- and cost-intensive processes.
44-46
 Although adsorption-based porous materials 
offer promise to create cost-effective and energy-efficient separation technologies, porous 
materials reported so far suffer from a trade-off between adsorption capacity and 
selectivity.
47-50
 We have demonstrated the first example of a nearly ideal molecular sieve, 
UTSA-200a, with the required characteristics (molecular-sieving size of ≈3.4 Å and 
strong binding sites toward C2H2), that afford the selective molecular exclusion of 
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C2H4 and record-high amount of C2H2 adsorption, thus overcoming the trade-off effect 
for achieving highly efficient separation of C2H2/C2H4 mixtures. The molecular sieving of 
C2H2 from C2H4 is supported by detailed structural analysis, gas adsorption isotherms, 
simulated and experimental breakthrough studies. The resulting separation performance 
includes record-high C2H4 productivity of 87.5 mmol g
−1
 per cycle with purity higher 
than 99.9999% and simultaneous production of the high purity C2H2 (97%) via a simple 
recovery operation. 
Ideal molecular sieves, while very difficult to achieve, indeed can provide a 
promising energy-efficient route to address the industrially important gas separations. 
Through fine tuning of pore size in molecular sieves to selectively exclude C2H4 but to 
retain the strong binding sites for the record-high C2H2 adsorption capacity, our findings 
demonstrated, for the first time, that it is possible and feasible to target ultramicroporous 
coordination networks with ideal molecular sieve performance through the elaborated fine 
tuning of the pore sizes and the introduction of specific binding sites for the preferred gas 
molecules. SIFSIX-14-Cu-i/UTSA-200 can readily remove trace amount of C2H2 from 
1/99 C2H2/C2H4 mixture, affording benchmark selectivity as well as benchmark 
C2H2 capture capacity and thus record-high C2H4 production scale as demonstrated in the 
breakthrough experiments. Combined with the excellent recyclability and resistance to 
other gases, SIFSIX-14-Cu-i/UTSA-200 represents an ideal microporous solid material 
that has the potential to be applied in industry as an adsorbent for removing trace 
acetylene from ethylene using a relatively simple and energy-efficient process. The 
principle revealed in this work is general, which will provide some guidance to facilitate 
the design and implementation of ideal molecular sieves for other important gas 
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Chapter 3  
Partial Interpenetration of a Hybrid Ultramicroporous 
Material Negatively Impacts C2H2/C2H4 Separation 
Performance 
 
We report the synthesis of partially interpenetrated solid solutions of a hybrid 
ultramicroporous material, [Cu(SiF6)(1,2-bis(4-pyridyl)diazene)2]n, SIFSIX-14-Cu-i, that 
was recently reported in its 2-fold interpenetrated form. The proportion of non-
interpenetrated polymorph, SIFSIX-14-Cu, in the solid solutions was determined by 
quantitative phase analysis using synchrotron PXRD data. This data revealed that phases 
of 70%, 89%, 93% and 99% interpenetration were obtained by changing synthesis 
conditions. The effect of partial interpenetration on gas adsorption performance was 
found to be negative. Whereas surface area and uptake were enhanced, 1:99 C2H2/C2H4 
dynamic gas breakthrough studies revealed that, as the proportion of the non-








3.1 Note to Readers 
This chapter is currently under submission at Chemical Science (Royal Society of 
Chemistry).  Daniel O’Nolan contributed to the characterisation of the materials, 
analysis of the data, and writing of the manuscript. Details of contributions made by 
Daniel O’Nolan to this chapter are listed in Appendix H. Supporting information can be 
found in Appendix C.  
 
3.2 Introduction 





 principles has yielded a rich tapestry of porous metal-organic 
materials, MOMs
3
 (e.g. porous coordination polymers,
4
 PCPs, and metal-organic 
frameworks,
5
 MOFs) and hybrid ultramicroporous materials, HUMs.
6 
These classes of 







 and guest-induced phase transformations 
in porous coordination networks.
10
 In effect, crystal engineering has evolved from its 
original focus upon design of new crystalline materials into the design of a new 








In the context of gas separations, major strides have recently  been made with 
respect to the physisorptive purification of several industrially important feedstocks as 














respect to HUMs, the combination of ultramicropores (pore diameter < 0.7 nm) lined with 
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inorganic walls has enabled a relatively straightforward approach to control over pore size 







 exhibit primitive cubic, pcu, 
structures in which fluorine atoms create a binding site for CO2 molecules. The resulting 
induced-dipole interactions enable benchmark performance for CO2 capture from 
CO2/CH4 and CO2/N2 gas mixtures; separations that are important to natural gas 





 which also exhibit 
pcu topology, afford benchmark performance for separation of C2H2 from C2H4 gas 
streams, a separation relevant to polyethylene production. The separation performances in 
these cases are the result of offset inorganic pillars that create preferential H-bonding sites 
for C2H2 that are unfavorable for C2H4 adsorption. 
Whereas interpenetration is key to creating the tight binding sites that enable the 
benchmark selectivity of SIFSIX-2-Cu-i and SIFSIX-14-Cu-i, it also reduces surface 
area and working capacity. Given that gas separations are dependent upon both selectivity 
for one molecule over another and the working capacity of a material, physisorbents 
suited for industrial use would need to be optimally balanced for selectivity and working 
capacity. Recent reports that partial interpenetration can occur in MOMs
20
 suggest that 
such an optimal balance between selectivity and working capacity might occur in a 
porous material that is a solid solution
21
 of interpenetrated and non-interpenetrated 
components. This is because, in principle, such a phase could offer the best of both 
worlds with respect to high selectivity (interpenetration leading to ultramicropores) and 
working capacity (non-interpenetration leading to micropores and more uptake).
20b
 
Herein, we test this hypothesis via a study of partial interpenetration and the separation 
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properties of the recently reported 2-fold interpenetrated HUM, SIFSIX-14-Cu-i,
10a,15b
 
the current benchmark for trace removal of C2H2 from C2H4.  
 
3.3 Results and Discussion 
 
Figure 3.1. 77 K N2 adsorption isotherms for phases 1, 2, 3 and 4. As the proportion of the microporous 
non-interpenetrated component increases vs. the ultramicroporous 2-fold interpenetrated component, so 
does the N2 uptake. 
Partial interpenetration in SIFSIX-14-Cu-i was achieved by variation of synthetic 
conditions and methods. We have previously found that temperature and concentration 
can be used to assert control over interpenetration.
22
 Herein, four phases were synthesized 
solvothermally in methanol at 120 °C; reaction duration and reaction vessel type were 
varied.  Phase 1 was isolated after reaction in a Parr
®
 Teflon Bomb for 1 hour. Phases 2, 3 
and 4 were prepared using variations of the originally described method;
10a
 reactions were 
conducted in Schott
®
 glass bottles and heated for 1 hour, 1 day, and 1 week, respectively. 
The resulting solid products were repeatedly exchanged with fresh dry methanol until the 
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solvent was clear. Phases 1-4 were at no point exposed to air, being submerged in 
methanol before being either dried in-situ or air-sealed during characterization 
experiments. 
Laboratory powder X-ray diffraction (PXRD) experiments indicated that longer 
reaction times afforded additional diffraction peaks consistent with the presence of 
primitive as well as centered crystallographic symmetry (Figure S3.1-S3.10, Appendix 
C). Such a change in symmetry suggests the presence of the not yet reported non-
interpenetrated polymorph, SIFSIX-14-Cu, which would be expected to crystallize in a 









Figure 3.2. Synchrotron Powder X-ray diffractogram of the partially interpenetrated phase of SIFSIX-14-
Cu-i (phase 4) reveals 70% 2-fold interpenetration. By varying reaction conditions, different proportions of 
partial interpenetration were obtained: phases 1, 2 and 3 correspond to 99%, 93%, and 89% 2-fold 
interpenetrated structures, respectively. 
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77 K N2 gas adsorption isotherms were collected for phases 1-4 and are also 
consistent with partial interpenetration; 1 adsorbed only 23.5 cm
3
/g at 1 bar whereas 2, 3 




/g, and 252.7 cm
3
/g, respectively 
(Figure 1.1). These values compare to uptake of N2 at 77 K of 643.4 cm
3
/g for SIFSIX-
14-Cu (calculated) and no uptake for SIFSIX-14-Cu-i (experimental).
15b
 The proportions 
of interpenetrated and non-interpenetrated phases within each sample were estimated 
from quantitative phase analysis using synchrotron PXRD data.  The quantitative phase 
analysis and N2 adsorption data were collectively used to estimate the phase fraction for 
1-4 (see Appendix C). 1 is estimated to be the purest phase of SIFSIX-14-Cu-i (ca. 99% 
2-fold interpenetrated content), whereas 2 – 4 are estimated to consist of 93%, 89%, and 
70% 2-fold interpenetration, respectively (see Figure 3.2 and Appendix C). 
In order to confirm that the partially interpenetrated phases are indeed solid 
solutions as opposed to being physical mixtures of interpenetrated and non-
interpenetrated phases, thermogravimetric analysis (TGA) and differential scanning 
calorimetry (DSC) experiments were conducted (see Appendix C). TGA experiments 
indicated that each sample had a similar onset melting point (Tm) within the range of ca. 
205 °C – 220 °C. DSC experiments all showed similar endotherms between ca. 160 °C 
and ca. 270 °C, wherein the melt and decomposition of each sample resulted in the same 
peak shapes at approximately the same temperatures. Following previous work on the 
separation of interpenetrated and non-interpenetrated structures,
23
 samples were added to 
an immiscible density gradient of n-hexane (ρcalc = 0.655 g/cm
3
) and DMSO (ρcalc = 1.1 
g/cm
3
). The different densities of SIFSIX-14-Cu (ρcalc = 0.649 g/cm
3
) and SIFSIX-14-
Cu-i (ρcalc = 1.298 g/cm
3
) would be expected to result in a distinct separation of a 
mixture; however, all samples were found to sink to the bottom of the gradient. Given 
these results and the similarities in TGA and DSC data, it is reasonable to assert that each 
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sample exists as a solid solution of SIFSIX-14-Cu and SIFSIX-14-Cu-i and not a 
physical mixture of the two materials. 
 
Figure 3.3. 298 K C2H2 and C2H4 adsorption isotherms for 1, 2, 3, and 4. 
To probe the effect of partial interpenetration on the gas separation performance 
of SIFSIX-14-Cu-i, pure gas sorption isotherms for C2H2 and C2H4 were collected on 1-
4. Low pressure 298 K adsorption isotherms indicated very similar uptake values with the 
average C2H2 uptake being 4.2±0.4 mmol/g and the average C2H4 uptake being 1.1±0.2 
mmol/g (Figure 3.3). Remarkably, 1 exhibits the highest C2H2 loading (103.7 cm
3
/g) and 
lowest C2H4 loading (19.1 cm
3
/g) at 101.1 kPa. 2 (93% 2-fold interpenetrated) had a 
much lower C2H2 loading (85.0 cm
3
/g) but a slightly higher C2H4 loading (20.0 cm
3
/g) at 
101.1 kPa. Increased non-interpenetration would be expected to reduce the bulk density 
of the material and the density of strong binding sites for C2H2 and is therefore consistent 
with lower loading of C2H2 at 298 K for 2 vs. 1. Conversely, the uptake capacity of C2H4 
increases, which is consistent with increased free volume. As the proportion of non-
interpenetration increases further, C2H2 and C2H4 uptakes were observed to also increase. 
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3 (89% two-fold interpenetrated) adsorbed 98.6 cm
3
/g C2H2 and 24.3 cm
3
/g C2H4 at 101.1 
kPa, whereas 4 (70% two-fold interpenetrated) adsorbed 99.9 cm
3
/g C2H2 and 28.7 cm
3
/g 
C2H4 at 101.1 kPa. The uptake capacities for both C2H2 and C2H4 are consistent with the 
effect of lower density and increased presence of micropores vs. ultramicropores. The 
lower density of molecular traps would be expected to on average result in weaker 
sorbent-sorbate interactions
24
 and affect both selectivity and working capacity. At 101.1 
kPa, ideal adsorbed solution theory (IAST) calculations revealed C2H2 over C2H4 
selectivity (SAE, 1/99) as follows: 2 exhibits a SAE = 347, whereas SAE for 1, 3, and 4 are 
calculated to be 323, 301, and 216, respectively. These calculations suggest that a small 
proportion of SIFSIX-14-Cu vs. SIFSIX-14-Cu-i could offer slightly improved 
C2H2/C2H4 separation performance whereas a larger proportion would decrease 
performance.  
 
Figure 3.4. Breakthrough profiles of C2H2 in 1, 2, 3, and 4 at 5 ml/min and 298 K. C2H2 levels of < 1 ppm 
were measured in effluent gas before breakthrough occurred. 
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To evaluate whether these pure gas isotherms and IAST calculations transfer to 
separation performance, we conducted 1:99 C2H2/C2H4 dynamic gas breakthrough 
measurements at room temperature. Samples of 1 – 4 were in turn exposed to a 5 ml/min 
flow rate of a 1:99 C2H2/C2H4 (v/v) gas mixture. Near-spontaneous breakthrough of C2H4 
was observed for each sample, while breakthrough times for C2H2 were found to occur at 
507 min/g, 475 min/g, 476 min/g, and 420 min/g for 1 – 4, respectively (Figure 3.4). 
These breakthrough times correspond to 1.12 mmol/g, 1.06 mmol/g, 1.06 mmol/g, and 
0.96 mmol/g, respectively, of adsorbed C2H2. Further, effluent production of >99.9999% 
C2H4 for phases 1 – 4 corresponds to 111.94 mmol/g, 104.91 mmol/g, 105.22 mmol/g, 
and 92.73 mmol/g. That there is a decrease in the density of binding sites as the 
proportion of non-interpenetrated content increases can explain the breakthrough 
performances. Indeed, given that phases with a higher proportion of non-interpenetration 
have a lower density and higher free volume, the difference in volumetric C2H4 
production in 1 – 4 is even more pronounced if volumetric measures are used.  
Nonetheless, each sample was capable of adsorbing comparatively large quantities of 




Following our previous work on the stability of hybrid pillared square grids and 
HUMs,
18c, 18d
 the stability of each sample was evaluated by exposure to laboratory 
atmosphere. Samples were dried on filter paper and left exposed on the bench to room 
temperature and humidity for 24 hours. The samples were then examined by PXRD and 
their transformation to a non-porous two-fold interpenetrated, sql-c*, topology phase, 







We have prepared four partially interpenetrated solid solutions of SIFSIX-14-Cu-
i and SIFSIX-14-Cu in which the concentration of SIFSIX-14-Cu-i varies from ca. 99% 
to 70%. The composition of these four phases was determined by PXRD, 77 K N2 
adsorption, TGA and DSC experiments. 298 K C2H2 and C2H4 sorption experiments and 
IAST calculations suggest that these partially interpenetrated phases may exhibit slightly 
better separation performances with higher working capacities. However, dynamic 
breakthrough experiments conducted upon 1:99 C2H2/C2H4 gas mixtures indicate that as 
the proportion of non-interpenetrated content increases, the separation performance 
decreases. We attribute the reduced performance to a decrease in the density of strong 
C2H2 binding sites. This study suggests that whereas the crystal engineering of partially 
interpenetrated HUMs can be achieved by systematic control over synthesis conditions, 
optimal separation performance lies with the fully interpenetrated variants. 
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The Effect of Centred versus Offset Interpenetration on 
C2H2 Sorption in Hybrid Ultramicroporous Materials 
  
Fine-tuning of hybrid ultramicroporous materials (HUMs) can significantly 
impact their gas sorption performance. This study reveals that offset interpenetration can 














4.1 Notes to Readers 
This chapter was previously published (Chem. Commun. 2017, 53, 11592-11595) 
and has been reproduced with permission of the Royal Society of Chemistry. Daniel 
O’Nolan contributed to the characterisation of the materials, analysis of the data, and 
writing of the manuscript. Alankriti Bajpai, Daniel O’Nolan, and David Madden 
contributed equally to this publication. Details of contributions made by Daniel O’Nolan 
to this chapter are listed in Appendix H. Supporting information can be found in 
Appendix D.  
 
4.2 Introduction 
An estimated 10–15% of global energy is consumed by energy-intensive 
commodity purification processes such as cryogenic separation processes, chemisorption 
and distillation.
1–3
 Ethylene (C2H4) is of particular relevance in this context because it is 
the largest industrially produced organic compound with a worldwide production of >150 
M tons per year in 2016.
4–6
 Trace acetylene (C2H2) impurities (ca. 1%) must be reduced 
to <40 ppm to preclude catalyst poisoning in the polymerisation reaction during 
subsequent polyethylene production.
6
 Current purification technologies use Pd-catalysts 




Physisorptive separation of C2H2/C2H4 mixtures to produce polymer-grade 
C2H4 (<40 ppm C2H2) can offer a significantly reduced energy footprint. However, 
physisorptive purification of C2H4 is challenging due to the similar kinetic diameters 
(ca. 0.6 Å difference) and boiling points of C2H2 and C2H4.
6





 are a class of materials constructed from organic and inorganic linker 









 An attractive feature 
of HUMs is that they are amenable to custom-design from crystal engineering
15–
18
 principles, which enable the building of libraries of related compounds. For example, 
variation of organic linkers, metal ions, inorganic anions and/or network interpenetration 
enables exquisite control over pore size and chemistry.
19–24
 It is in this manner that the 
combination of ultramicropores (<7 Å) and strong electrostatics has enabled HUMs to 
exhibit new selectivity benchmarks for the aforementioned industrially important gas 
separations. 
 
Figure 4.1. Crystal structures of as-synthesised SIFSIX-2-Cu-i (left), as-synthesised TIFSIX-2-Cu-
i (middle) and activated TIFSIX-4-Cu-i (right). One interpenetrated pcu network is presented in grey, red 
and blue for SIFSIX-2-Cu-i, TIFSIX-2-Cu-i and TIFSIX-4-Cu-i, respectively. 
SIFSIX-2-Cu-i, the prototypal interpenetrated HUM, exhibits separation 
performance for C2H2/C2H4 mixtures with a C2H2/C2H4 selectivity (SAE) more than twice 
that of the previous benchmark physisorbents.
11
 Herein, we examine the effect of organic 
linker and hexafluorometalate (MF6
2−
) pillar substitution on the C2H2/C2H4 separation 
properties of related materials, TIFSIX-2-Cu-i
12
 and a new variant, TIFSIX-4-Cu-i (4 = 
1,4-bis(4-pyridyl)benzene, bpb) through a suite of experiments involving: (i) pure gas 
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sorption; (ii) dynamic mixed gas breakthrough; (iii) accelerated-stability testing; (iv) in-
situ synchrotron X-ray characterisation. 
 
4.3 Results and Discussion 
TIFSIX-2-Cu-i, which is isostructural with SIFSIX-2-Cu-i, was synthesised 
according to previously reported procedures.
12 
Experimental powder X-ray diffraction 
(PXRD) patterns validate bulk purity (see Appendix D). Room temperature diffusion of a 
methanol solution of 4
25
 into an ethylene glycol/H2O solution of copper nitrate trihydrate 
and [NH4]2[TiF6] afforded violet needles of TIFSIX-4-Cu-i, an interpenetrated variant of 
the previously reported compound SIFSIX-4-Zn,
26
 after 2 weeks. 
We recently reported that SIFSIX-2-Cu-i derives its affinity for C2H2 from its 
inorganic pore walls that exhibit F⋯F distances suitable to strongly bind C2H2 (7.48 
Å);
11
 F⋯F distances herein are the shortest diagonal distance between F atoms within a 
pore. TIFSIX-2-Cu-i is isostructural to SIFSIX-2-Cu-i, exhibits a centered mode of 
interpenetration (Figure 4.1),
23
 slightly larger unit cell parameters than SIFSIX-2-Cu-
i (Cu–linker–Cu distances of 13.6955(5) Å and 13.6490(11) Å, Cu–pillar–Cu distances of 
8.1724(4) Å and 8.0920(6) Å, respectively) but similar F⋯F distances (7.52 Å). Both the 
as-synthesised and activated forms of TIFSIX-4-Cu-i were structurally characterised 
(Figure S4.2, Appendix D). The as-synthesised form, TIFSIX-4-Cu-i-α, exists as a 
centred 2-fold interpenetrated pcu network (Figure S4.2, Appendix D). The crystal 
structure of the activated form, TIFSIX-4-Cu-i-β, was determined in vacuo from 
synchrotron PXRD data and is a 2-fold interpenetrated pcu network but with a different 
structure than that of the as-synthesised form as the independent networks are offset 
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(Figure S4.2, Appendix D). The offsetting of networks affords two types of accessible 
pores with F⋯F distances of 9.6 Å and 11.5 Å as well as an inaccessible channel. 
N2 sorption experiments at 77 K were conducted to establish porosity and 
Brunauer–Emmett–Teller surface area (SBET) of the three HUMs. SBET values are listed 
in Table 4.1 and those for SIFSIX-2-Cu-i and TIFSIX-2-Cu-i are consistent with 
previously published data.
12
 Single-component sorption isotherms were collected for 
C2H2 and C2H4 at 273 and 298 K. Type I isotherms were observed except for TIFSIX-4-
Cu-i, which exhibits an inflection in its C2H2 isotherms (Figure 4.2(a)). The point of 
inflection shifts towards lower pressure at lower temperatures (Figure 4.2(c)). The 
observed shift in the inflection can be attributed to a reduction in the gas saturation 
pressure at lower temperatures. To gain insight into the cause of the inflection 
in TIFSIX-4-Cu-i, in-situ synchrotron PXRD data (Figure S4.6, Appendix D) was 
collected at different loadings of C2H2 (0.4 and 1 bar) and temperatures (195 K and 298 
K). A comparison of PXRD patterns in vacuo with those of C2H2 loaded samples reveals 
no apparent difference, which indicates structural rigidity during gas adsorption (Figure 
S4.6, Appendix D). The inflection can therefore be attributed to two types of pore 
channels and two types of unique C2H2 binding sites that are filled sequentially during gas 
adsorption. Whereas inflections are a characteristic feature of flexible networks,
27
 and 
have been seen in rigid frameworks with different pores,
28–30
 to our knowledge this 
phenomenon has not yet been reported in rigid interpenetrated porous materials. Whereas 
hysteresis is relatively common in mesoporous materials, precedent exists for hysteresis 
in narrow pore rigid materials.
30
 
At 0.01 bar (Figue 4.2(b) and Table 4.1) and 298 K, TIFSIX-2-Cu-i displays 
higher C2H2 uptake (1.7 mmol g
−1





Cu-i (1.5 mmol g
−1
) and is the new benchmark under these conditions. We attribute the 
superior C2H2 adsorption of TIFSIX-2-Cu-i compared to SIFSIX-2-Cu-i to enhanced 
electrostatic interactions between TiF6
2−
 and C2H2. Previous studies have indicated that 
TiF6
2−





 Electronic structure calculations on SIFSIX-2-Cu-i and TIFSIX-2-
Cu-i indicate that the magnitude of the partial negative charge for the equatorial F atoms 
is greater in TIFSIX-2-Cu-i (Table S4.6, Appendix D). C2H2/C2H4 separation selectivity 
(SAE) was determined using ideal adsorbed solution theory (IAST) calculations
32
 to 
address gas mixture (1/99) separations. TIFSIX-2-Cu-i exhibits the same SAE (55) at 1 
bar as that of the current benchmark SIFSIX-2-Cu-i (Figure S4.28, Appendix 
D and Table 4.1). While there is an increase in the overall C2H2 uptake for TIFSIX-2-
Cu-i compared to SIFSIX-2-Cu-i, it is balanced by increased C2H4 uptake. TIFSIX-4-
Cu-i exhibits a lower SAE value of 11, reflecting its weaker binding sites. 
 





























































f 52.7 35.0 1.5 0.07 3.8 2.1 55 170.2 0.76 
TIFSIX-2-Cu-i 1.269 685






542f 40.8 29.4 0.45 0.07 4.3 1.5 11 154.6 0.69 
a: as calculated for empty network; b: calculated from virial and Clausius–Clapeyron equation (kJ/mol) 
at low loading; c: gravimetric uptake (mmol/g at 298 K and 0.01 bar) determined through linear fitting 
in the corresponding region; d: selectivity calculated from IAST at 298 K; e: time at which outlet 
concentration exceeds 40 ppm; f: as calculated from 77 K N2 adsorption data; g: TIFSIX-4-Cu-α = as-
synthesised material, TIFSIX-4-Cu-β = material activated for 12 h under vacuum at 343 K. 
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It is apparent from these results that changes in pore size and pore chemistry in 
these three materials impact the C2H2 and C2H4 adsorption uptake and selectivity for 
C2H2/C2H4: offset interpenetration and a longer linker in TIFSIX-4-Cu-i leads to two 





) imparts improved electrostatics
22,31
and enhanced C2H2 uptake 
in TIFSIX-2-Cu-i. 
The separation performance of the three HUMs was examined using dynamic gas 
breakthrough experiments. Activated samples (ca. 250 mg) were exposed to 10 mL 
min
−1
 flow of a 1:99 C2H2/C2H4 gas mixture at 298 K. The C2H2 uptake from this 
C2H2/C2H4 mixture for SIFSIX-2-Cu-i was found to be in good agreement with our 
earlier study (Figure 4.2(e)).
11 
TIFSIX-2-Cu-i, SIFSIX-2-Cu-i and TIFSIX-4-Cu-i were 
found to adsorb 0.83, 0.76 and 0.71 mmol g
−1
 of C2H2, respectively, before the 





) was found to improve C2H2/C2H4 breakthrough 
performance compared with the current benchmark material, SIFSIX-2-Cu-i. The less 
efficient performance of TIFSIX-4-Cu-i highlights the importance of uniform pores and 
binding sites for gas separations. The offset interpenetration in TIFSIX-4-Cu-i affords 
two C2H2 binding sites (Figure 4.1). The reduction in breakthrough time and outlet C2H4 
purity observed for TIFSIX-4-Cu-i may be a result of saturation of the preferential 
binding sites in the tighter pore channels, at which point the weaker secondary binding 
sites are filled before breakthrough occurs. 
The recyclability and stability of the three HUMs was also studied. Recyclability 
was addressed by exposing sorbents to five consecutive breakthrough/regeneration cycles 




Figure 4.2. (a) Low pressure (0–1 bar) adsorption isotherms for C2H2 (circles) and C2H4 (triangles). (b) 
Low pressure (0–10 kPa) adsorption isotherms for C2H2 (circles) and C2H4 (triangles). (c) C2H2 and 
C2H4 sorption data (solid symbols: adsorption; empty symbols: desorption) of TIFSIX-4-Cu-i at 273 K 
(green) and 298 K (blue). (d) Comparison of the IAST selectivity vs. 0.01 bar C2H2 uptake of MFSIX-L-
Cu-ivs. reported benchmark materials for C2H2/C2H4 mixtures. (e) Comparison of C2H2/C2H4 (1/99) 
breakthrough results. (f) Concentration of C2H2 in outlet gas stream until breakthrough occurs. 
Cu-i and TIFSIX-4-Cu-i exhibited no appreciable loss in sorption performance. Stability 
of physisorbent materials under humid conditions is crucial for most industrial 
applications
33
 and we recently introduced an accelerated stability protocol to evaluate the 
performance of physisorbent materials upon exposure to water vapour similar to that used 
in the pharmaceutical industry.
34,35 
HUM samples were exposed to elevated humidity and 
temperature (75% relative humidity at 313 K) for 1, 7, and 14 d. PXRD data and 77 K 
N2 isotherms (SBET) were then collected for these humidity exposed samples to assess the 
extent of loss of structural integrity and surface area. The results reveal that SIFSIX-2-
Cu-i and TIFSIX-2-Cu-i were unaffected by exposure to humidity at 40 °C, consistent 
with our previous reports (Figure S4.19, Appendix D).
11,12
 In the case of TIFSIX-4-Cu-i, 
PXRD data revealed a phase transformation from the offset form to the centred form upon 
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exposure to humidity after 1 d (Figure S4.18, Appendix D). However, activated TIFSIX-
4-Cu-i could be readily regenerated by washing with MeOH followed by degassing at 
343 K for 24 h and there was negligible loss of surface area (Figure S4.20, Appendix D). 
 
4.4 Conclusion 
The primary conclusions from this study come from our understanding of the 
following: the reduced performance of TIFSIX-4-Cu-i vs. SIFSIX-2-Cu-i and TIFSIX-
2-Cu-i with respect to removal of C2H2 from C2H4; the unusual inflection in the gas 
adsorption of TIFSIX-4-Cu-i; the importance of uniform binding sites. These findings 
further highlight how subtle pore chemistry and pore geometry changes can be used to 
further our understanding of structure–property relationships in ultramicroporous 
materials such as HUMs. 
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Finding the Optimal Balance between Pore Size and 
Pore Chemistry in Hybrid Ultramicroporous Materials  
 
The modular nature of pillared sql coordination networks enables fine tuning of 
their pore size and pore chemistry.  Comparison of the acetylene (C2H2) capture 
performance of new and previously reported isostructural hybrid ultramicroporous 














5.1 Notes to Readers 
This chapter is in preparation for publication. Daniel O’Nolan contributed to the 
characterisation of the materials, analysis of the data, and writing of the manuscript. 
Details of contributions made by Daniel O’Nolan to this chapter are listed in Appendix 
H. Supporting information can be found in Appendix E. 
 
5.2 Introduction 
Square lattice, sql, topology coordination networks that can be pillared so as to 
generate primitive cubic, pcu, topology networks are highly modular because in principle 
there are at least four variables: the metal node, the linker, the pillar, and interpenetration. 






 The modularity of these prototypes has enabled 
crystal engineering
3, 4
 approaches towards the design of porous materials in such a way 
that a chemist may control pore size, pore shape and pore chemistry. In the context of gas 
separations, the ability to exert control over the size, shape, and chemistry of pores has 
recently afforded a class of ultramicroporous materials which use combinations of 
organic linkers and inorganic pillars. These hybrid ultramicroporous materials, HUMs, 
can exhibit far superior separation properties vs. existing classes of physisorbents such as 
MOFs and zeolites.
5-7
 The performance of these materials can be attributed to the 
presence of tight binding sites that are typically comprised of octahedral metal centres, 
equatorially bound N-donor ligands and inorganic anions. The N-donor ligands cross-link 
metal centres to afford square grids which are pillared by the inorganic anions to afford 
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e.g. pcu and mmo network topologies.
8
 From a crystal engineering perspective,
3, 4
 the 
organic linker ligands are largely responsible for controlling the pore size whereas the use 
of  inorganic pillars creates strong electrostatics for guest binding. Interpenetration can 




Figure 5.3. (a) pore structure of a 2-fold interpenetrated primitive cubic HUM, MOxF6-x-L-M′ (L = ligand 2 
or ligand 14) exhibiting offset pillars. (b) Ligands 2 (9.63(5)Å) and 14 (8.97(23)Å). 





can significantly improve gas adsorption performance at relevant 
conditions.
9
 Specifically, the CO2 selectivity over H2O (SCW) and CO2 uptake in the 
context of direct air capture (DAC) of TIFSIX-3-Ni ([Ni(pyrazine)2(TiF6)]n,
10
 SCW = 
12.8, 14.9 L/L) are much improved over the previously reported benchmark material 
SIFSIX-3-Ni ([Ni(pyrazine)2(SiF6)]n,
11
 SCW = 5.43, 6.6 L/L). The incorporation of other 




 has also led to enhanced sorbent-sorbate 
interactions.
13, 14
 Similarly, the C2H2/C2H4 separation performances of SIFSIX-2-Cu-i 
([Cu(1,2-bis(4-pyridyl)acetylene)2(SiF6)]n)
9
 and TIFSIX-2-Cu-i ([Cu(1,2-bis(4-
pyridyl)acetylene)2(TiF6)]n)
6
 reveal that TiF6
2-





 The studies above suggest that the stronger electrostatics associated with 
TiF6
2-
 are responsible for improved performance but did not address the effects of pore 
size. Herein we report the results of a study that systematically addresses both pore size 
and electrostatics in HUMs by reporting the C2H2 uptake (and separation from C2H4) 
performance of two new and three existing HUMS. 
 
5.3 Results and Discussion 
SIFSIX-14-Cu-i ([Cu(1,2-bis(4-pyridyl)diazene)2(SiF6)]n)
17
 was recently reported 
to exhibit benchmark C2H2/C2H4 separation performance thanks to its tight binding sites 
and strong electrostatics.
7
 From prior literature, it would be reasonably expected that the 
analogues TIFSIX-14-Cu-i ([Cu(1,2-bis(4-pyridyl)diazene)2(TiF6)]n) and NbOFFIVE-2-
Cu-i ([Cu(1,2-bis(4-pyridyl)acetylene)2(NbOF5)]n) would out-perform their SIFSIX 
analogue under the same conditions. Adsorption of N2 (3.6 Å) at 77 K in TIFSIX-14-Cu-
i revealed low uptake (6.11 cm
3
/g) consistent with surface sorption only. Conversely, CO2 
(3.3 Å) adsorption at 195 K exhibited an uptake of 156.8 cm
3
/g at full loading, consistent 
with a BET surface area (SBET) of 425.3 m
2
/g. The discrepancy between the adsorption 
properties of these two molecules underlines how close the pore diameter of the sorbent is 
to the diameter of the sorbate. 77 K N2 sorption in NbOFFIVE-2-Cu-i resulted in an 
uptake of 162.0 cm
3
/g, whereas 195 K CO2 sorption resulted in an uptake of 141.3 cm
3
/g 
(SBET = 469.2 m
2
/g). At 298 K, C2H2 adsorption isotherms indicate similar uptake 
capacities for TIFSIX-14-Cu-i (84.6 cm
3
/g) and NbOFFIVE-2-Cu-i (84.0 cm
3
/g), at full 
loading, to that of SIFSIX-14-Cu-i (84.9 cm
3







Figure 5.2. (Top) 298 K C2H2 (circles) and C2H4 (triangles) adsorption isotherms observed for TIFSIX-14-
Cu-i (blue), NbOFFIVE-2-Cu-i (orange), SIFSIX-2-Cu-i (black), TIFSIX-2-Cu-i (red), and SIFSIX-14-
Cu-i (green). (Bottom) Log scale depiction of the C2H4 adsorption isotherms. 
SIFSIX-2-Cu-i (85.2 cm
3
/g) (Figure 5.2).  It is clear from these values that whereas the 
substitution of C≡C for N=N moieties in the organic linker ligands leads to a reduction in 
pore size (ligands are ca. 9.63(5)Å and 8.97(23)Å, respectively)(Figure 5.1(b)), 






 anions leads  to an increase in pore size. 
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This observation is further suggested by 298 K C2H4 adsorption isotherms where uptake 
capacity follows the order: TIFSIX-2-Cu-i (56.0 cm
3
/g) > NbOFFIVE-2-Cu-i (52.4 
cm
3
/g) > SIFSIX-2-Cu-i (47.1 cm
3





/g) (Figure 5.2). Indeed, a structural survey of the CSD
18
 shows that the 
average Si-F bond in SiF6
2-
 anions is 1.67(4) Å whereas the average Ti-F bonds in TiF6
2-
 
anions is 1.85(3) Å and average Nb-F bond in NbOF5
2-
 is 1.96(8) Å (Figure 5.3). The 
characteristically short Nb=O bond observed in NbOF5
2-
 anions was still found to be 
longer than the average Si-F bond, being 1.75(3) Å. This would imply that the longer M-F 
bonds afford longer inorganic axes and therefore contribute to making longer pores with 
narrower channels. 
Further, the low pressure isotherms correspond with the trends observed at full 
loading. The isosteric enthalpies of adsorption (Qst) for C2H2 at 298 K are observed to be 
56 kJ/mol for SIFSIX-14-Cu-i, 54 kJ/mol for TIFSIX-14-Cu-i, 53 kJ/mol for SIFSIX-2-
Cu-i, and 46 kJ/mol for TIFSIX-2-Cu-i and 52 kJ/mol for NbOFFIVE-2-Cu-i. In 
contrast, Qst for C2H4 at 298 K are observed to be 27.2 kJ/mol for SIFSIX-14-Cu-i, 39.6 
kJ/mol for TIFSIX-14-Cu-i, 35.0 kJ/mol for SIFSIX-2-Cu-i, and 35.9 kJ/mol for 
TIFSIX-2-Cu-i and 34 kJ/mol for NbOFFIVE-2-Cu-i. For either gas, different trends in 
adsorption energies are observed. In the case of C2H2 sorption, those constructed from 
1,2-bis(4-pyridyl)diazene (14) have stronger adsorption energies than those containing 
1,2-bis(4-pyridyl)acetylene (2), with SiF6
2-
 anions more influential than TiF6
2-
 anions. It is 
unclear whether it is the size and/or basicity of the organic linker ligands that exhibits a 
greater effect on guest binding. Adsorption energies of C2H4 are stronger for structures 
containing TiF6
2-
 anions than those containing SiF6
2-
 anions. The effect of linker ligand 
size is less pronounced in the case of C2H4 sorption. With respect to NbOFFIVE-2-Cu-i, 
that metal centres are pillared by NbOF5
2-
 anions through the oxide and trans-fluoride, 
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there are three possible packings: polar (MN4OF centres), non-polar (MN4O2 and MN4F2 
centres), and statistically disordered (MN4OxF1-x centres).
19
 Given this variation in 
packing and the differences in Nb-F and Nb=O bond lengths, less-than-optimal binding 
sites could result which also contribute to weaker C2H2 interactions and higher C2H4 
uptake. That the equatorial fluorine atoms may rotate (at least to a certain extent) about 
the inorganic axis would imply that dynamic host-guest interactions may occur wherein 
the pillar rotates to preferentially fit guest molecules.
20





 anions may afford better opportunity for stronger C2H4 
interactions. 
 
Figure 5.3. Histogram indicating the distribution of bond lengths observed for Si-F (red), Ti-F (blue) and 






 anions, respectively, in the CSD.  
Ideal adsorbed solution theory (IAST),
21
 suggests that selectivity of C2H2 over 
C2H4 (SAE) in a 1/99 gas mixture at 101.1 kPa follows the trend SIFSIX-14-Cu-i (>6000) 
> TIFSIX-14-Cu-i (317) > TIFSIX-2-Cu-i (55) ≈ SIFSIX-2-Cu-i (55) > NbOFFIVE-2-
Cu-i (29). This is relatable to the uptake capacities of either compound as SIFSIX-2-Cu-
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i, TIFSIX-2-Cu-i and NbOFFIVE-2-Cu-i adsorb comparatively high amounts of both 
C2H2 and C2H4. SIFSIX-14-Cu-i adsorbs equivalent amounts of C2H2 but little C2H4 and 
TIFSIX-14-Cu-i adsorbs higher quantities of C2H4 than its SiF6
2-
 analogue. 10 ml/min 
dynamic breakthrough measurements using the above gas mixture exhibit similar results 
to what was predicted by IAST (Figure 5.4). C2H2 effluent exceeded 40 ppm (polymer 
grade ethylene production) in NbOFFIVE-2-Cu-i at 161.1 min/g; SIFSIX-2-Cu-i at 
170.2 min/g; TIFSIX-2-Cu-i at 185.9 min/g; TIFSIX-14-Cu-i at 215.9 min/g; and 
SIFSIX-14-Cu-i at 245.7 min/g, with adsorbed C2H2 being 0.72 mmol/g; 0.75 mmol/g; 
0.83 mmol/g; 0.97 mmol/g; and 1.08 mmol/g, respectively. Indeed, in these conditions, 
NbOFFIVE-2-Cu-i, SIFSIX-2-Cu-i, TIFSIX-2-Cu-i, TIFSIX-14-Cu-i, and SIFSIX-
14-Cu-i were found to produce 61.6 mmol/g, 76.5 mmol/g, 80.1 mmol/g, 87.0 mmol/g, 
and 106.4 mmol/g of 99.9999% pure ethylene, respectively. 
The selectivity and C2H2 binding strength of SIFSIX-14-Cu-i as well as its uptake 





 should impart stronger electrostatics in TIFSIX-14-Cu-i and 
NbOFFIVE-2-Cu-i, respectively, substitution of SiF6
2-





 anions leads to longer pores with narrower apertures leading to weaker 
interactions with C2H2 but allowing for higher uptake of C2H4. The transition to ligand 2 
leads to larger pores, higher C2H2 and C2H4 uptake, and lower Qst values which may be 
attributable to the organic linker. Indeed, these rationalisations are observable in the 
dynamic breakthrough studies. However, as previously noted, the use of ligand 2 imparts 
attractive C-H
…
π interactions and higher structural stability than their -14 counterparts.
17
 
PXRD studies indicated that TIFSIX-14-Cu-i was unstable upon prolonged exposure to 




Figure 5.4. Dynamic breakthrough curves for the separation of a 1:99 C2H2/C2H4 gas mixture in SIFSIX-2-
Cu-i, TIFSIX-2-Cu-i, SIFSIX-14-Cu-i, and TIFSIX-14-Cu-i. 
 
5.4 Conclusion 
In the crystal engineering of HUMs, the approach to pore size and chemistry may 
compartmentalise the attributes of organic and inorganic linker ligands. However, we 
show herein that although electrostatics may vary across different inorganic pillars, 
differences in size may play a crucial role in the effective employment of such properties. 
It is still unclear the extent to which different organic linker ligand moieties can have an 
effect on gas sorption properties in HUMs. That this chemistry resides within 
ultramicroporous cavities means that precise crystal engineering principles need to be 
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Water Vapour Sorption in Hybrid Pillared Square Grid 
Materials 
 
We report water vapour sorption studies on four primitive cubic, pcu, pillared 
square grid materials: SIFSIX-1-Cu, SIFSIX-2-Cu-i, SIFSIX-3-Ni, and SIFSIX-14-Cu-
i. SIFSIX-1-Cu, SIFSIX-3-Ni, and SIFSIX-14-Cu-i were observed to exhibit negative 
water vapour adsorption at ca. 40–50% relative humidity (RH). The negative adsorption 
is attributed to a water-induced phase transformation from a porous pcu topology to non-
porous sql and sql-c* topologies. Whereas the phase transformation of SIFSIX-1-Cu was 
found to be irreversible, SIFSIX-3-Ni could be re-generated by heating and can therefore 
be recycled. In contrast, SIFSIX-2-Cu-i, which is isostructural with SIFSIX-14-Cu-i, 
exhibited a type V isotherm and no phase change. SIFSIX-2-Cu-i was observed to retain 
both structure and gas sorption properties after prolonged exposure to heat and humidity. 
The hydrolytic stability of SIFSIX-2-Cu-i in comparison to its structural counterparts is 
attributed to structural features and therefore offers insight into the design of 







6.1 Notes to Readers 
This chapter was previously published (J. Am. Chem. Soc. 2017, 139, 8508-8513) and has 
been reproduced with permission of the American Chemical Society. Copyright 2017 
American Chemical Society. Daniel O’Nolan contributed to the characterisation of the 
materials, analysis of the data, and writing of the manuscript. Details of contributions 
made by Daniel O’Nolan to this chapter are listed in Appendix H. Supporting information 





 (such as metal–organic frameworks 
(MOFs)
2
 and porous coordination polymers (PCPs))
3
 and hybrid ultramicroporous 
materials (HUMs)
4
 are of topical interest thanks in part to their modularity, which is 
derived from an ability to control coordination geometry across a range of metals and 
ligands. This modular approach to materials design and synthesis means that the 
structural and compositional diversity of MOMs can be extraordinary and has thereby 
furthered the disciplines of reticular chemistry
5
 and crystal engineering.
6
 The modularity 
of MOMs also enables systematic studies that afford an understanding of structure–







 HUMs can be differentiated from MOMs 
in that they possess inorganic ligands (pillars) in at least one direction and that their 
organic linker ligands result in ultramicropores (≤0.7 nm) thanks to their length and/or 
interpenetration.
4
 Typically, HUMs are comprised of octahedral metal nodes that form 
square grid (sql) networks through equatorial coordination with N-donor organic linkers 
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networks. Interest in HUMs has been driven by their potential utility as enabled by fine-
tuning of pore size and pore chemistry. Specifically, the presence of inorganic pore walls 
coupled with tuning of pore size has enabled HUMs to exhibit benchmark separation 






However, the utility of high-performing porous materials can all too often be 
undone by the ubiquity of water vapour and its negative impact on performance and/or 
stability. Coordination compounds can be synthesized under dry inert conditions, by 
solvothermal methods at temperatures above the boiling point of water, or in nonpolar 
solvents. Nonetheless, the utility of the material can become compromised just by its 
exposure to air. This challenge leads to practical issues for product storage and uses in 
real world applications. Despite their attractive qualities, MOMs often suffer from the 
presence of water vapour. It is, therefore, unsurprising that there is currently a growing 
interest in the study and design of moisture stable MOMs.
14
 Conversely, the study of 
water vapour adsorption in MOMs in general
15
 and HUMs in particular
16
 remains 
understudied despite the ubiquity of water vapour in most practical storage and separation 
applications. 
We address this matter herein through the first dynamic water vapour sorption 
(DVS) studies conducted upon four related HUMs that are each comprised of square grid 
coordination networks pillared by hexafluorosilicate (SIFSIX) anions (Figure 6.1).
17
 We 
selected these chemically and structurally similar compounds to gain insight into the 
effect that subtle changes in coordination bonding and crystal packing might have on the 
hydrolytic stability and water vapour uptake of HUMs. Specifically, we report the results 
of a series of vacuum DVS water sorption studies that included three previously reported 
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 [Ni(SIFSIX) (pyrazine)2]n. We also report the 
effect of water vapour sorption upon a new HUM, SIFSIX-14-Cu-i, [Cu(SIFSIX)(1,2-
bis(4-pyridy)diazene)2]n. Each material exhibits the prototypical HUM composition and 




 cations are linked in the equatorial position 
by 4,4′-bipyridyl (1), 1,2-bis(4-pyridyl)acetylene (2), pyrazine (3) or 1,2-bis(4-
pyridy)diazene (14) to afford a square grid, sql, network; these networks are pillared 
by SIFSIX anions that sustain the observed pcu networks (Figure 6.2(a-c)). SIFSIX-2-
Cu-i and SIFSIX-14-Cu-i possess large enough cavities to enable interpenetration 
(denoted by -i). Though it is isostructural to the other compounds studied herein, the 
micropores of SIFSIX-1-Cu mean that although it is a pillared square grid material it 
would not be classified as a HUM. As detailed herein, we observed that there are major 
differences in hydrolytic stability and water vapour uptake in this related family of four 
porous materials. 
 
6.3 Results and Discussion 
Dynamic Vapour Sorption Measurements. Vacuum DVS experiments were 
conducted by activating powdered samples of SIFSIX-1-Cu, SIFSIX-2-Cu-i, SIFSIX-3-
Ni, and SIFSIX-14-Cu-i in vacuo before collecting water vapour sorption isotherms at 
298 K from vacuum to 90% RH (2.85 kPa) (Figures 6.1 and Figures S6.29–S6.46, 
Appendix F). As revealed by Figure 6.1, the DVS isotherms of SIFSIX-1-Cu, SIFSIX-3-
Ni, and SIFSIX-14-Cu-i exhibit the rarely observed phenomenon of negative 
adsorption
19
 as evidenced by a reduction in the quantity of water vapour adsorbed after 
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the relative humidity level reaches a certain threshold. Specifically, SIFSIX-1-
Cu, SIFSIX-3-Ni, and SIFSIX-14-Cu-i were observed to adsorb 7.98, 8.53, and 8.19 
mmol g
–1
 of water vapour, before expelling 1.67, 2.55, and 1.95 mmol g
–1
 of water 
vapour, respectively. The desorption isotherms of porous SIFSIX-1-Cu and SIFSIX-14-
Cu-i indicate that water content is consistent with coordination of aqua ligands found in 
the non-porous sql-c* topology networks.
20
 The desorption isotherm of SIFSIX-3-
Ni reaches vacuum with ca. 0.7 molecules of water per formula unit. In contrast, SIFSIX-
2-Cu-i was observed to exhibit a type V isotherm with the relatively low uptake of water 
vapour at low partial pressure, eventually adsorbing 14.61 mmol g
–1
 of water at ca. 90% 
RH and hysteresis (Figures 6.1 and Figure S6.35, Appendix F). 
 
Figure 6.1. Water vapour adsorption isotherms (298 K) for SIFSIX-1-Cu (green), SIFSIX-2-Cu-
i (blue), SIFSIX-3-Ni (purple), and SIFSIX-14-Cu-i (red). It is of note that SIFSIX-1-Cu, SIFSIX-3-Ni, 
and SIFSIX-14-Cu-i exhibit negative adsorption events at ca. 40 and 50% RH, respectively. 
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The uptake of water vapour in SIFSIX-1-Cu corresponds to only 4.1 molecules 
per formula unit at the threshold of negative adsorption. The water vapour uptake at this 
threshold contrasts with the full loading of eight water molecules per unit cell as observed 
crystallographically in the hydrated single crystal form of SIFSIX-1-Cu.
21
 That 
microcrystalline samples of SIFSIX-1-Cu were observed to decompose at relatively low 
levels of water uptake and at a lower humidity than SIFSIX-3-Ni and SIFSIX-14-Cu-
i suggests that larger-pore pillared square grid materials may be more susceptible to 
hydrolysis and/or phase transformation than their ultramicroporous counterparts. SIFSIX-
3-Ni was observed to adsorb ca. 3.1 molecules of water before negative adsorption 
occurred. In comparison, the largest uptake of water vapour in SIFSIX-2-Cu-
i and SIFSIX-14-Cu-i corresponded to 16.5 and 9.4 (before negative adsorption occurs) 
molecules of water per formula unit, respectively. Under the instrumental parameters 
selected (see Appendix F for details), the negative adsorption curve observed in SIFSIX-
3-Ni occurred for ca. 1300 min. Negative adsorption curves occurred for ca. 300 min and 
ca. 700 min for SIFSIX-1-Cu and SIFSIX-14-Cu-i, respectively. 
To put our observations in context, negative gas/vapour adsorption isotherms are 
unusual if not anomalous. In general, gas and vapour adsorption in MOMs is no different 







 and Brunauer, Emmett, and Teller.
25
 The contours of 
isotherms typically fall into six categories depending on the mode of adsorption.
26
 A 
fundamental characteristic of all of these models is that adsorption increases with pressure 
until the adsorbent is saturated at which point the contour exhibits a plateau. In the case of 
a previously reported MOF that displays negative adsorption,
19a
 the flexibility of the 
organic linker enables a structural change that in turn reduces the adsorption uptake. Such 
a phenomenon is more than a scientific curiosity as materials which display negative 
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adsorption may find various uses in gas, vapour, or humidity sensor/actuator devices 
wherein specific adsorbate concentrations must be detected. 
 
Figure 6.2. Crystal packing of the porous pcu topology networks SIFSIX-1-Cu (a), SIFSIX-2-Cu-i (b), 
and SIFSIX-14-Cu-i (c). Upon exposure to humidity, both SIFSIX-1-Cu (d) and SIFSIX-14-Cu-i (f) 
underwent phase transformations to nonporous sql-c* topology nets, whereas SIFSIX-2-Cu-i remained 
stable at elevated temperatures and humidity for at least 14 days (e). 
Stability Studies of Pillared Square Grid Materials. The DVS results prompted 
us to probe the effect of water vapour on these HUMs under different conditions by 
exposing powdered samples to 40 °C and 75% RH following established testing 
protocols.
16, 27
 Powder X-ray diffraction (PXRD) and porosimetry data were thereby 
collected at intervals of 1, 7, and 14 days. SIFSIX-2-Cu-i (Figure 6.2(b)) was found to be 
stable for the full testing period with retention of the PXRD pattern (Figure 6.2(e)) and 
surface area (Figure S6.27, Appendix F). This was not the case, however, for SIFSIX-1-
Cu (Figure 6.2(a)) and SIFSIX-14-Cu-i (Figure 6.2(c)), which underwent crystalline-to-
crystalline phase transformations from porous pcu topology networks to non-porous 
interpenetrated square grid, sql-c*, topology networks (Figure 6.3). The sql-c* compound 
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formed by SIFSIX-1-Cu is isostructural to that of Robson and co-workers’ landmark 
coordination polymer reported in 1990, [Zn(1)2(H2O)2]·SIFSIX (CSD refcode: 
JEZRUB),
28
 wherein octahedral metal nodes form square grid networks with 4,4′-
bipyridyl ligands in the equatorial positions and aqua ligands in the axial positions. These 
square grids interpenetrate diagonally,
29
 affording the sql-c* topology 
(Figure 6.3).
20
 That SIFSIX-1-Cu transforms into [Cu(1)2(H2O)2]·SIFSIX upon exposure 
to water was previously reported by Kitagawa and co-workers.
30
 The structure of 
[Cu(14)2(H2O)2]·SIFSIX, the transformed product of SIFSIX-14-Cu-i, was determined 
by single crystal X-ray diffraction (SCXRD) from single crystals that formed 
concomitantly during the preparation of SIFSIX-14-Cu-i (Table S6.1, Appendix F). The 
purities of the bulk phases after transformation were verified by PXRD (Figure 6.2(d and 
f)). Zn-DMOF-1 was previously found to exhibit a similar negative adsorption event in 
the presence of water vapour, but its transformation product was not structurally 
characterized.
31
 In contrast, SIFSIX-3-Ni was synthesized via an unknown precursor with 
the pcu network being obtained upon heating to 100 °C under vacuum for 24 h. PXRD 
and thermal analysis studies suggest that the precursor material is isostructural to a 
previously reported sql network [Cu(3)2(F)(HF)].TaF6 (CSD refcode: NATYAK), 
wherein fluoride groups coordinating to the metal node are replaced by water molecules 
(Figures S6.2, S6.11, S6.18, and S6.24 and Table S6.3, Appendix F). Upon exposure to 
elevated temperature and humidity, SIFSIX-3-Ni was found to undergo a phase 
transformation to the as-synthesized phase, proposed to be a square lattice, sql, network 
topology. The solid-state phase transformation between the porous pcu network and the 
proposed non-porous sql network is reversible as shown by a recyclability protocol 
whereby a sample of SIFSIX-3-Ni was exposed to 75% RH and 40 °C for 24 h. These 
conditions promote the phase transformations to the sql network. SIFSIX-3-Ni was 
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regenerated as a pcu network by heating the sql network to 80 °C under vacuum for 16 h 
(Figure 6.4). This protocol was repeated for 10 cycles. CO2 sorption profiles (298 K), 
after the 10 cycles, were unchanged with respect to the pristine sample (Figure S6.28, 
Appendix F). DVS measurements were likewise reproducible, including the negative 
water vapour sorption event (Figures S6.41 and S6.42, Appendix F). 
 
Figure 6.3. (a) Octahedral metal nodes (red) form square grid, sql, topology networks with organic linkers 
(blue) and are cross-linked by inorganic pillars (green) to form interpenetrated and non-interpenetrated 
primitive cubic, pcu, topology networks. Upon exposure to water vapour, SIFSIX-1-Cu and SIFSIX-14-
Cu-i undergo phase transformations to interpenetrated square grid, sql-c*, topology networks (b and c, 
respectively), wherein the sql topology network is maintained but the inorganic pillar is displaced for 
terminal aqua ligands. 
Rationalization of Phase Transformations. It is possible to rationalize the water 
vapour induced phase transformations detailed herein from the coordinate covalent bond 
strengths at the metal node and the nature of weak interactions between organic linkers. 
Cu
2+
 is a strong acid and would be expected to strongly bind to relatively strong bases 
such as ligands 1 and 14. However, although charge-assisted, the SIFSIX anion is a weak 
conjugate base and would be expected to form weaker bonds with the metal node as 
suggested by the structural parameters discussed later herein. The structural 
transformations that occur upon water vapour sorption indicate that the axial ligands are 
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indeed cleaved in favour of aqua complexes. However, to form a mechanically 
interlocked sql-c* topology network, at least one of the linker-node bonds which form 
the sql topology networks must also be cleaved. Although phase transformations in 
MOMs involving a change in the degree of interpenetration have been studied,
32
 the 
mechanism for this action is not yet fully understood. 
 
Figure 6.4. Upon exposure to humidity, the pcu network SIFSIX-3-Ni (left) reverts to the as-
synthesized sql network (right). However, the pcu network can be recycled upon heating at 80 °C under 
vacuum for 16 h. 
With respect to SIFSIX-3-Ni, the relatively weak acidity of Ni
2+
 allows for strong 
binding of the weak base, ligand 3. However, once again the presence of water vapour 
results in the SIFSIX anion being cleaved in favour of the formation of an aqua complex. 
In this case, the phase transformation cannot result in interpenetration because of the 
small aperture of the square grid and instead forms a non-interpenetrated sql topology 
network. There are important consequences as SIFSIX-3-Ni is re-generable in the solid-
state, whereas SIFSIX-1-Cu and SIFSIX-14-Cu-i, which transform to interpenetrated 
structures, are not re-generable or require solution recrystallization, respectively. 
146 
 
The relative stability of SIFSIX-2-Cu-i toward water vapour makes it an outlier in 
this study. Analysis of the crystal structure of as-synthesized SIFSIX-14-Cu-i reveals a 
node–pillar–node distance of 8.5932(5) Å. This contrasts with its isostructural 
analogue SIFSIX-2-Cu-i, which exhibits a node–pillar–node length of 8.0920(6) Å. 
These differences can be attributed to weaker Cu–pillar interactions evidenced by the Cu–
F distance in SIFSIX-14-Cu-i (2.5722(1) Å) being much longer than those in SIFSIX-1-
Cu (2.3787(44) Å) and SIFSIX-2-Cu-i (2.3532(49) Å). Synchrotron X-ray powder 
diffraction data was used to solve the crystal structure of the activated form of SIFSIX-
14-Cu-i under vacuum by simulated annealing (Figure S6.1, Appendix F). The observed 
structure is similar to that obtained from SCXRD, albeit with slightly reduced axis lengths 
(node–pillar–node length = 8.53961(28) Å) and an increased β angle (Table S6.2, 
Appendix F). The difference in pillaring distance could be a consequence of linker–linker 
interactions at the point of interpenetration. SIFSIX-2-Cu-i is sustained by weak but 
attractive CH···π interactions between organic linkers (H···π = 3.0519(2) Å), 
whereas SIFSIX-14-Cu-i exhibits repulsive diazene stacking (N···N = 3.2844(2) Å). The 
effect of the weak CH···π interactions in SIFSIX-2-Cu-i is that they in effect “lock” the 
structure in such a manner that the inorganic pillar is trapped between metal nodes and is 
unable to be displaced by water molecules (Figure 6.5). In contrast, SIFSIX-1-
Cu and SIFSIX-3-Ni are sustained only by the coordinate covalent bonds about the metal 
node. It is reasonable to expect that elongation of the node–pillar distance, likely due to 
the repulsive diazene stacking, would weaken the framework and make SIFSIX-14-Cu-
i susceptible to hydrolysis (Figure 6.3). However, we also note that SIFSIX-14-Cu-
i exhibits higher water uptake than SIFSIX-2-Cu-i before the negative adsorption event. 
This is perhaps unsurprising given that SIFSIX-14-Cu-i possesses basic nitrogen atoms 
lining its pores and that water molecules are prone to form hydrogen bonds with such 
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moieties. The difference in water uptake is also likely to be a factor that impacts the 
relative stability of these isostructural compounds. 
 
Figure 6.5. No linker–linker interactions less than van der Waals contact distances are found in SIFSIX-1-
Cu or SIFSIX-3-Ni (a and c) meaning that the hydrolytic stability of these materials relies on the 
coordination strength of the metal node. In contrast, SIFSIX-2-Cu-i (b) exhibits weak CH···π interactions 
that “lock” the pillars between nodes. SIFSIX-14-Cu-i (d) exhibits repulsive diazene stacking. 
 
6.4 Conclusions 
As water vapour is ubiquitous and is a component of almost all industrially 
relevant gas mixtures, including air, the effect of water vapour on gas and vapour 
adsorption in MOMs is of both fundamental and practical relevance. Herein, we have 
used vacuum DVS studies to examine the water vapour adsorption properties of four 
pillared square grid materials: SIFSIX-1-Cu, SIFSIX-2-Cu-i, SIFSIX-3-Ni, 
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and SIFSIX-14-Cu-i. Negative vapour adsorption was exhibited by both SIFSIX-1-
Cu and SIFSIX-14-Cu-i and occurs as a consequence of a water-induced phase 
transformation from porous pcu topology networks to non-porous sql-c* topology 
networks. SIFISX-3-Ni also exhibited negative vapour adsorption while undergoing a 
phase transformation to a sql topology. However, SIFSIX-3-Ni undergoes 10 cycles of 
this phase transformation with neither effect upon its gas adsorption performance nor the 
observation of negative water vapour adsorption. The recyclability of this material 
coupled with its gas sorption properties is pertinent to its potential utility in industrial 
settings.
33
 That SIFSIX-2-Cu-i and SIFSIX-14-Cu-i are isostructural enables 
comparison of the influence that changes in the chemistry of the organic linker might 
have on properties. In this case, the differences between a diazene moiety and an 
acetylene moiety are quite profound: SIFSIX-14-Cu-i is more hydrophilic than SIFSIX-
2-Cu-i, presumably because of the presence of basic nitrogen atoms; the node appears 
more weakly bonded to the pillar in SIFSIX-14-Cu-i than in SIFSIX-2-Cu-i, presumably 
because of repulsions between nitrogen atoms and attractions between CH moieties and 
acetylene moieties, respectively. Either or both of these factors could contribute to the 
excellent hydrolytic stability of SIFSIX-2-Cu-i. SIFSIX-2-Cu-i exhibits benchmark 
separation performance
10b, 13a
 and hydrolytic stability, which indicate that this material 
has the potential for use under industrially relevant conditions. 
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Topological Phase Transformations of a Family of 
Hybrid Pillared Square Grids Induced by Water 
Vapour  
  
A family of hybrid pillared square grids constructed from kinked organic linkers 
exhibit an irreversible phase transformation from non-interpenetrated primitive cubic, 













7.1 Notes to Readers 
This chapter is currently in preparation for publication. Daniel O’Nolan 
contributed to the characterisation of the materials, analysis of the data, and writing of 
the manuscript. Details of contributions made by Daniel O’Nolan to this chapter are 
listed in Appendix H. Supporting information can be found in Appendix G. 
 
7.2 Introduction 
Crystal engineering endeavours to understand the structure-property relationships 
of crystalline materials to enable the design of future materials from first principles.
1,2
 
Such design principles derived from crystal engineering and self-assembly have so far 
afforded materials with diverse properties. In particular, the modular nature of metal-
organic materials (MOMs)
3
 (e.g. porous coordination polymers, PCPs,
4
 or metal-organic 
frameworks, MOFs)
5
 and hybrid ultramicroporous materials (HUMs)
6
 offers the chemist 
a more straightforward approach to influence properties from structure design. This has 





and gas separation properties,
9
 resulting in the crystal engineering of materials that 
exhibit benchmark performances.
10-11
 In the context of crystal engineering, the 
understanding of dynamic effects and phase transformations of crystalline solids in the 
presence of external stimuli is of particular interest.
12-15
 Stimuli may include light, heat, 
magnetism, and pressure etc. which can result in physical and chemical responses within 
MOMs and HUMs. Indeed, the potential for practical applications means that these 
materials may be exposed to such stimuli during real-world application (e.g. day/night, 
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seasonal changes, humidity, etc.) and it is therefore important to understand these effects 
such that they may be manipulated through crystal engineering principles. 
Following our previous work on the stability of similar structures in the presence 
of elevated humidity and temperature,
16-18
 we chose to study how variation in temperature 
and water vapour may affect the crystal packing of isostructural hybrid pillared square 
grid materials which vary chemically with respect to the inorganic pillar. In this 
contribution, we observe the water vapour induced phase transformations in a family of 
hybrid pillared square grids: TIFSIX-7-Cu, [Cu(TiF6)(1,2-bis(4-pyridyl)ethylene)2]n, 





7.3 Results and Discussion 
 








, and 1,2-bis(4-pyridyl)ethylene (1:1:2 ratio) under dry 




Non-interpenetrated primitive cubic, pcu, networks. The pcu structures 
studied herein consist of 6-c octahedral Cu
2+
 nodes coordinated by four 1,2-bis(4-
pyridyl)ethylene (ligand 7) organic linkers affording square lattice, sql, topology 




 (GEFSIX), and SiF6
2-
 (SIFSIX) 
pillar the metal nodes, to form non-interpenetrated pcu topology networks (Figure 7.1), 
which were obtainable through solvothermal methods as well as slow diffusion through 
solvent layers (see Appendix G). The pcu networks studied are isostructural and exhibit 
the same Cu-linker-Cu distance of ca. 13.37 Å and the variation in inorganic pillar affects 
the Cu-pillar-Cu distance with SIFSIX-7-Cu (7.998 Å) < GEFSIX-7-Cu (8.097 Å) < 
TIFSIX-7-Cu (8.286 Å). Indeed, similar Jahn-Teller effects are observed for each 
compound, with differences in length being derived from the anions. However, ligand 7 is 
a “kinked” linker and may result in more than one conformation about the metal-node. 
Given the demonstrated importance of pore size and pore chemistry in the application of 
crystal engineered materials, the variation in linker conformation may affect a materials 
properties uncontrollably. Low temperature (100 K) crystal data collected for TIFSIX-7-
Cu, GEFSIX-7-Cu, and SIFSIX-7-Cu resulted in structures being solved in P4/ncc, 
Cmcm, and P4/nmm, respectively. However, the structures exhibited different linker 
conformation with all linkers kinking up or down in TIFSIX-7-Cu and SIFSIX-7-Cu 
with differences in crystallographic symmetry being the result of pyridyl-ring rotation, 
and changes in position of the inorganic pillar. At 100 K, the metal nodes of GEFSIX-7-
Cu exhibited half of the bound organic linkers kinking up with the other half kinking 
down (Figure 7.2(a)). The pillars sit on a screw-axis and undulate around the c-axis. 
When GEFSIX-7-Cu was heated to room temperature, however, the symmetry of the 
structure changed to P4212, and exhibited the same linker conformation around the metal 
node as TIFSIX-7-Cu and SIFSIX-7-Cu (Figure 7.2(b)). This temperature-dependent 
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change in ligand conformation demonstrates a challenge in using these types of organic 
ligands, as (i) kinked linkers offer a degree of freedom in crystallization and (ii) their 
conformation affects the positioning of the inorganic anion, which has demonstrated 
importance in HUMs. 
 
Figure 7.2. Conformation of organic linkers about the metal nodes in GEFSIX-7-Cu at (a) 100 K, (b) 273 
K, and (c) after phase transformation to a sql-c* topology network. 
The structural response to stimuli was further tested by studying the effect water 
vapour may have on these compounds. 298 K gravimetric vacuum dynamic vapour 
sorption (DVS) measurements were carried out on activated samples of TIFSIX-7-Cu, 
GEFSIX-7-Cu, and SIFSIX-7-Cu between vacuum and 90% relative humidity (RH). 
TIFSIX-7-Cu was found to have the highest water vapour uptake, adsorbing ca. 13.25% 
water vapour at 70% RH (ca. 4.34 molecules per unit cell). At greater humidity levels 
water vapour adsorption increased to ca. 13.84% before the recently reported negative 
adsorption phenomenon
20
 was observed and the quantity of adsorbed water vapour 
dropped to ca. 5.16% after ca. 667 min (Figure 7.3). GEFSIX-7-Cu and SIFSIX-7-Cu 
were observed to undergo the same phenomena above 50% RH. GEFSIX-7-Cu adsorbed 
ca. 6.74% water vapour before dropping to ca. 5.65% adsorbed water vapour (ca. 3.14 
molecules per unit cell) after ca. 468 min. SIFSIX-7-Cu adsorbed ca. 6.23% water 
vapour wherein the quantity of adsorbed water vapour dropped to ca. 5.53% (ca. 1.75 
molecules per unit cell) after ca. 100 min. After this sharp decrease in adsorbed water 
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vapour, GEFSIX-7-Cu and SIFSIX-7-Cu were observed to increase in weight up to 90% 
RH wherein the amount of adsorbed water vapour was equal to ca. 4.39 and 3.23 
molecules per unit cell, respectively. Powder X-ray diffraction (PXRD) of the samples, 
after DVS experiments were conducted, indicating that the adsorption of water vapour led 
to a crystalline-to-crystalline phase transformation to a platform of two-fold 
interpenetrated square grid, sql-c*, networks of the general formula [Cu(H2O)2(1,2-bis(4-
pyridyl)ethylene)2]·MF6 H2O (M = Ti, Ge, Si), and are isostructural to Robson’s 
landmark compound.
21
 Both single crystal X-ray diffraction (SXRD) and 
thermogravimetric analysis (TGA) are consistent with the quantity of adsorbed water 
vapour observed during DVS experiments. As for low pressure gas adsorption, single 
crystals of GEFSIX-7-Cu exhibited a 77 K N2 uptake of 296.7 cm
3
/g and 195 K CO2 
uptake of 224.4 cm
3
/g, at full loading. Microcrystalline samples could not be loaded and 
activated while avoiding the phase transformation to the sql-c* phase. Single crystals of 
TIFSIX-7-Cu could not be obtained in sufficient yield to study their gas sorption 
properties. 
 
Figure 7.3. Kinetic profile of negative adsorption observed for SIFSIX-7-Cu at 50% RH, GEFSIX-7-Cu 




Figure 7.4. The two-fold interpenetrated square grid, sql-c*, network topology exhibits four distorted 
square grids (blue lines) orthogonally interpenetrated around a metal fluoride anion (red octahedron). The 
anion H-bonds to four aqua complexes (green octahedra). 
Inclined two-fold interpenetrated square lattice, sql-c*, networks. The sql-c* 
structures, observed herein to be the phase transformation products, also consist of 6-c 
octahedral Cu
2+
 nodes coordinated by four 1,2-bis(4-pyridyl)ethylene (ligand 7) organic 
linkers affording square lattice, sql, topology networks. The metal fluoride anions are 
found to be cleaved from the metal nodes and supplanted by terminal aqua complexes, 
disrupting the pcu topology network. The sql-c* topology networks are formed through 
inclined interpenetration of the sql networks.
22
 Within each cavity of one sql network lies 
the metal node of another orthogonally interpenetrating sql network. Four-fold symmetry 
is therefore generated, creating a pore which contains the inorganic anions at the centre, 
hydrogen bonding to a lattice hydrate. The inorganic anions are also observed to 
hydrogen bond to one aqua complex of each of the four surrounding metal nodes leading 
to an underlying two-dimensional hydrogen bonded network. Half of the kinked linkers 
bound to the metal nodes in the sql-c* structures are observed to kink up or down, 
however, the symmetry observed is different to that observed for the 100 K data of 
161 
 
GEFSIX-7-Cu. Each structure crystallised in tetragonal P4/ncc, creating an inversion at 
the centre of the linkers with the metal nodes sitting on the four-fold inversion axis 
(Figure 7.2(c)). This phase transformation to the mechanically bonded sql-c* topology 
network was not found to be reversible. Indeed, TGA indicated that the sql-c* phase of 
TIFSIX-7-Cu was capable of losing all water molecules above 200 °C, however, single 
crystals retained their crystallinity and SXRD showed that the sql-c* network was 
retained with water molecules being adsorbed upon exposure to air. 
 
7.4 Conclusion 
We have studied the phase transformations of hybrid pillared square grids, 
TIFSIX-7-Cu, GEFSIX-7-Cu, and SIFSIX-7-Cu as a response to stimuli such as 
temperature and humidity. The kinked organic linker that affords these structures offers a 
degree of freedom in the crystal packing of these pcu networks. Upon increase in 
temperature, half the organic linkers in GEFSIX-7-Cu were found to change their 
conformation with respect to crystal packing while maintaining the pcu topology. At 
constant temperature, each structure is observed to undergo a topological phase 
transformation in the presence of water vapour. Inorganic pillars are substituted for 
terminal aqua complexes resulting in an irreversible crystalline-to-crystalline phase 
transformation from non-interpenetrated pcu topology networks to two-fold 
interpenetrated sql-c* topology networks.  
It is noteworthy that structures containing longer organic linkers such as those 





 (ligand 2 = 1,2-bis(4-pyridyl)acetylene), and TIFSIX-4-Cu-i
24
 (ligand 4 = 1,4-
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bis(4-pyridyl)benzene) retain the same crystal structure under similar testing conditions. 
Further, shorter organic linkers such as those found in the non-interpenetrated pcu 
topology network SIFSIX-3-Ni (ligand 3 = pyrazine) undergo a phase transformation 
upon exposure to water vapour but is reversible, possibly as the transformation product 
does not undergo interpenetration. Indeed, the prototypical non-interpenetrated pillared 
square grid SIFSIX-1-Cu and the recently reported two-fold interpenetrated pcu 
topology network SIFSIX-14-Cu-i (ligand 14 = 1,2-bis(4-pyridyl)diazene) undergo the 
same phase transformations upon exposure to elevated humidity as observed herein.
18
 
From a survey of the CSD, twelve isostructural compounds were found to exhibit the sql-
c* network topology, crystallise in P4/ncc, containing metal fluoride anions and 
bipyridyl-type linkers (4,4′-bipyridyl, 1,2-bis(4-pyridyl)diazene, and meso-1,2-bis(4-
pyridyl)ethane-1,2-diol-N,N′). Although other sql-c* networks exhibit different 
symmetry, the presence of the metal fluoride anion appears to only allow this tetragonal 
spacegroup to occur. The square grids of these structures are distorted with some diagonal 
node-node distances exhibiting a ratio of as much as 0.7:1. This distortion is rationalised 
from the H-bonding interactions between aqua complexes and the metal fluoride anion 
which on average exhibited distances of 2.69(3) Å (Figure 7.4). That the H-bonding 
distances maintain a consistent distance, despite the difference in linker length, leads to 
the distortion of square grids. It is hypothesised that this irreversible phase transformation 
can only be afforded by organic linker ligands within a certain range. The justification for 
this hypothesis is two-fold: (i) as the linker ligands becomes longer, the square grid would 
need to distort even further to sustain the aqua complex-metal fluoride H-bonding, 
thereby distorting the metal-pyridyl angle and increasing strain; square grids afforded by 
shorter linker ligands (e.g. pyrazine) would be too short to afford interpenetration. (ii) As 
the square grids distort further, the aqua complexes and metal centres of orthogonally 
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interpenetrating square grids will reach the VdW limit. The HUM DICRO-3-Ni-i exhibits 
a similar, but non-orthogonal, packing of pillared square grids, with the linker ligand 1,2-
bis(4-pyridyl)acetylene. The mode of interpenetration in this pillared square grid 
coordination network would suggest that the packing efficiency of the square grids 
around the metal fluoride anion in the sql-c* coordination networks observed herein, is 
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Conclusions and Future Directions  
  
8.1 Conclusions 
Crystal engineering offers principles wherein the chemist may exploit the inherent 
molecular recognition sites of atoms and molecules such that new materials may be 
afforded with reasonable predictability and modularity. Given the advantageous approach 
crystal engineering can have in materials design, there is the potential to alter properties 
of task-specific materials. In the case of coordination networks, metal nodes are cross-
linked by linker ligands. The propensity of various discrete metal-linker complexes has 
been demonstrated in chapter 1. These complexes can be thought of as molecular building 
blocks (MBBs) wherein the ligands may be linkers, thus connecting the MBBs and 
forming coordination networks. The ligands can be expanded or modified to afford 
various properties whereas the MBB can be constructed from different metal centres or 
have different substitutions, affording different chemistry or topological networks to be 
observed. The packing of coordination networks often means that interstices are afforded 
which can offer porosity and/or interpenetration. For the former, the potential application 
in gas storage, separation, and catalysis has attracted attention; for the latter, attention has 
been given by those studying the basic structural chemistry of coordination networks. In 
the context of the potential application of separation, 15% of global energy costs are 
attributed to the separation of chemical commodities. To this end, inherently modular 
coordination networks could enable crystal engineering studies wherein (i) structure-
function relationships could be understood and (ii) new crystalline materials could be 
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afforded for the selective and efficient separation of chemical commodities. Targeted 
herein is the separation of a trace impurity (ca. 1% C2H2) from the highest volume 
chemical feedstock (C2H4). Square lattice, sql, coordination networks have been 
systematically studied since the late 1980’s and their ability to assemble from various 
nodes and linkers as well as their modularity to be expanded upon is well known.  Indeed, 
several prototypical sql coordination networks can in turn be pillared to afford primitive 
cubic, pcu, coordination networks and thereby expanding the modularity with 
(principally) at least four variables: node, linker, pillar, and interpenetration. This 
approach to crystal engineering has afforded a class of coordination networks known as 
Hybrid Ultramicroporous Materials (HUMs) which are sql coordination networks pillared 
by inorganic anions and exhibit ultramicropores (≤0.7 nm) that afford molecular traps for 
small gas molecules. 
Herein, the focus has been directed towards interpenetrated structures that exhibit 
ultramicroporosity and the resulting properties they exhibit with respect to host-guest 
interactions. In particular, insight is sought for understanding the structure-property 
relationships of HUMs in the context of C2H2/C2H4 gas separations and hydrolytic 
stability. These conclusions may afford an improvement in the design principles of future 
porous coordination networks. In general, sufficient reason can be offered to propose a 
principle of molecular traps for small gas molecules: for any small gas molecule, a 
molecular trap can exist if pore size, pore shape, and pore chemistry provide sufficient 
attractive interactions to adsorb that molecule with high working capacity and a large 
thermodynamic driving force. In the case where that small gas molecule is part of a gas 
mixture, a task-specific molecular trap such as those observed in HUMs may offer 
benchmark selectivity and efficiently separate the gas mixture.  Specifically, this 
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thesis aims to give insight into the structure-property relationships of interpenetrated 
HUMs from the following conclusions: 
(i) A porous material that exhibits high adsorption capacity and selectivity for 
a small gas molecule coupled with the blocking of a large gas molecule can be considered 
the ideal molecular sieve. Such properties could offer reduction in energy costs for 
chemical commodity separation but have rarely been realised for light hydrocarbon 
separations as there is generally a compromise between working capacity and selectivity. 
One of the most challenging industrial-scale gas separations affected by energy- and cost-
intensive processes is the separation of 1:99 C2H2/C2H4 gas mixtures.  
Presented here in chapter 2, a two-fold interpenetrated pcu HUM, SIFSIX-14-Cu-
i ([Cu(1,2-bis(4-pyridyl)diazene)2(SiF6)]n), was constructed from Cu(1,2-bis(4-
pyridyl)diazene)2 sql coordination networks pillared by SiF6
2-
 anions to afford 
ultramicropores (3.4 Å) that effectively block C2H4 molecules while maintaining a high 




 under 0.01 bar and 298 K). Therefore, SIFSIX-
14-Cu-i exhibited benchmark adsorption capacity and selectivity wherein the material 
trapped 1.18 mmol g
−1
 C2H2 (97% purity) from a 1:99 C2H2/C2H4 gas mixture, affording 
C2H4 productivity of 87.5 mmol g
−1
 per cycle with a purity of 99.9999%. Although they 
have been rarely afforded before, the crystal engineering principles followed herein 
clearly facilitated the design and synthesis of an ideal molecular sieve through fine-tuning 
of pore size, pore shape, and pore chemistry for the high adsorption capacity and 
selectivity of C2H2. 
(ii) The recently observed and poorly understood phenomenon of partial 
interpenetration could potentially offer an advantage to an ideal molecular sieve, as it 
could enable an increase in uptake capacity without reducing selectivity. Through a 
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systematic synthetic approach, chapter 3 reports four solid solutions of SIFSIX-14-Cu-i 
and its non-interpenetrated polymorph, SIFSIX-14-Cu, wherein the proportion of two-
fold interpenetration were found to be 70%, 89%, 93%, and 99% as confirmed by 
synchrotron PXRD, 77 K N2 sorption, TGA, and DSC experiments, among others.  
298 K C2H2 and C2H4 sorption experiments and IAST calculations suggest that 
these partially interpenetrated phases may exhibit slightly better separation performances 
with higher working capacities. Dynamic breakthrough experiments conducted upon 1:99 
C2H2/C2H4 reveal, however, that partial interpenetration of this HUM negatively affected 
its separation performance. As the proportion of the interpenetrated component decreased, 
so did the separation performance. Although systematic control of synthetic conditions 
can afford the crystal engineering of HUMs, it is the fully interpenetrated variants that 
offer optimal separation performance. This observation maintains the importance of the 
molecular trap to the gas separation performance in HUMs, as the increase in partial 
interpenetration explicitly means the removal of the molecular trap in interpenetrated 
HUMs.   
(iii) To greater understand the factors that affect the separation properties of 
interpenetrated HUMs, the role of linker ligands and inorganic pillars were systematically 
studied in the context of C2H2/C2H4 gas separations, in comparison to two previously 
reported benchmark HUMs: SIFSIX-14-Cu-i and SIFSIX-2-Cu-i, ([Cu(1,2-bis(4-
pyridyl)acetylene)2(SiF6)]n). In chapter 4 and chapter 5, four interpenetrated HUMs are 
presented and studied for their 1:99 C2H2/C2H4 separation performances: TIFSIX-2-Cu-i 
([Cu(1,2-bis(4-pyridyl)acetylene)2(TiF6)]n), and TIFSIX-4-Cu-i ([Cu(1,4-bis(4-
pyridyl)benzene)2(TiF6)]n), that are discussed in chapter 4, and TIFSIX-14-Cu-i 
([Cu(1,2-bis(4-pyridyl)diazene)2(TiF6)]n) and NbOFFIVE-2-Cu-i ([Cu(1,2-bis(4-
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 pillars would be expected to impart stronger electrostatics (in comparison to 
SiF6
2-
), the longer ligands 2 (1,2-bis(4-pyridyl)acetylene) and 4 (1,4-bis(4-
pyridyl)benzene) would afford larger pores (in comparison to ligand 14, 1,2-bis(4-
pyridyl)diazene). 
The reduction in pore size between HUMs constructed from ligand 14 and HUMs 
constructed from ligands 2 and 4 leads to improved C2H2/C2H4 separation performance. 
Indeed, the better electrostatics offered by TIFSIX-2-Cu-i and NbOFFIVE-2-Cu-i offer 
improved separation in comparison to SIFSIX-2-Cu-i. However, SIFSIX-14-Cu-i still 
proved to demonstrate the best separation performance and evaluation of pillar bond 
lengths revealed how subtle pore size effects can be more influential than electrostatics. 
Evidently, there is an optimal balance between pore size and pore chemistry that yields a 
molecular trap with benchmark separation performances. The increased pore size 
imparted by ligand 4 causes TIFISX-4-Cu-i to have poor separation properties and 
affords offset interpenetration resulting in two types of pores being present that are 
sequentially filled, underlining the importance of uniform ultramicropores in acting as 
molecular traps. 
(iv) That water is ubiquitous in our atmosphere as vapour (relative humidity, 
RH), there is fundamental and practical relevance to understanding its effects on 
coordination networks. Although some potential applications of coordination networks 
may occur in a dry atmosphere, products should be capable of storage in, and exposure to, 
ambient conditions. Chapter 6 and 7 report the study of vacuum dynamic vapour sorption 
in HUMs and hybrid pillared square grids, offering insight into how water vapour may 
affect these materials.  
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 In chapter 6, benchmark materials for C2H2 capture (SIFSIX-14-Cu-i, SIFSIX-2-
Cu-i, and SIFSIX-1-Cu) and CO2 capture (SIFSIX-3-Ni) were studied. SIFSIX-14-Cu-
i, SIFSIX-1-Cui, and SIFSIX-3-Ni exhibited a negative water vapour adsorption 
phenomenon at ca. 40–50% RH where uptake decreases as pressure increases. 
Crystallographic studies show that this observation is the result of a phase transformation 
from pcu to sql and interpenetrated square lattice, sql-c*, coordination networks. 
Whereas the conversion to sql-c* was irreversible, the conversion to sql (observed in 
SIFSIX-3-Ni) was reversible and was regenerated for 10 cycles, exhibiting consistent gas 
uptake and negative vapour sorption. Conversely, SIFSIX-2-Cu-i exhibited a type-V 
isotherm, no phase change and consistent gas sorption properties. By comparison of their 
structural features, insight was gained regarding their hydrolytic stabilities. Comparison 
of pcu and sql/sql-c* structures revealed that the inorganic pillar could be cleaved in 
favour of aqua complexes. The stability of SIFSIX-2-Cu-i is attributed to C-H∙∙∙π 
interactions between the organic linker ligands of opposing interpenetrated networks, 
“locking” the inorganic pillar to the metal centre. Indeed, compounds such as TIFSIX-2-
Cu-i and TIFSIX-4-Cu-i were also stable under similar conditions. SIFSIX-14-Cu-i 
exhibited repulsive diazene stacking, while SIFSIX-1-Cu and SIFSIX-3-Ni offer no 
linker-linker interactions resulting in their water vapour induced phase transformation.   
 The results of this study were profound as only the pcu to sql-c* phase 
transformation was irreversible. As such, the study was expanded in order to understand 
the factors that promote this phase transformation. Water vapour sorption studies were 
conducted on SIFSIX-7-Cu, TIFSIX-7-Cu, and GEFSIX-7-Cu ([Cu(1,2-bis(4-
pyridyl)ethylene)2(MF6)]n; M = Si, Ti, Ge). That each compound underwent this phase 
transformation under different RH levels indicates the different metal-pillar interaction 
strengths. GEFSIX-7-Cu exhibited different linker ligand conformations at different 
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temperatures underlining the difficulty kinked linkers create in the design of molecular 
traps. In combination with a CSD survey, isostructural sql-c* coordination networks 
exhibited distortion of the square grids that maintain a consistent metal fluoride – aqua 
complex hydrogen bond (2.69(3) Å). It is argued that the metal fluoride anion is the 
driving force behind the formation of the tetragonal sql-c* coordination network. Further, 
it is hypothesised that only organic linker ligands of a certain length can afford this phase 
transformation: linker ligands can be too short to afford interpenetrated square grids 
whereas longer ligands would require greater distortion/strain of the square grids to 
maintain the metal fluoride – aqua complex hydrogen bonding, thereby supporting a 
phase transformation to a different coordination network (e.g. sql or remain pcu). 
 
8.2 Future Directions 
In the context of coordination networks, crystal engineering has moved from a 
field focused on the design and understanding of beautiful structures and now looks to 
design and understand the structure-property relationships. However, for improved 
control over the structure of coordination networks and the resulting properties, this 
author foresees a few key areas that offer a scientific challenge and require more study: 
(i) In-situ and in-silico studies. Described at the beginning of chapter 1, the 
21
st
 century offers the crystal engineer unparalleled computing power and 
instrumentation. To understand the complexities of structure-property relationships in 
coordination networks, and thereby further the field of crystal engineering, one must 
know the structure of the material as its properties are simultaneously exhibited i.e. in-
situ. With respect to the work carried out herein, this has taken the form of variable 
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temperature and variable pressure X-ray diffraction experiments, which gave insight into 
the structure of some coordination networks. Further, current computational technology 
offers a chemist the understanding of certain dynamics within a coordination network e.g. 
lattice energies, host-guest interactions, surface areas etc. Although not necessarily crystal 
engineering in itself, the accessibility of these two powerful tools will undoubtedly be 
something of use to crystal engineers. 
(ii) Controlled assembly of different coordination modes. Largely 
discussed in this thesis are the structures or pillared square grids. Although they 
demonstrate complexity and some remarkable properties, their elegance lies in there 
relatively simple underlying components. Considering the MBBs of Fujita’s sql 
coordination network and Yaghi’s MOF-5, the coordination modes of these compounds 





 The use of more than one type of ligand in this regard 
is understudied, however, understanding and controlling this chemistry offers the 
opportunity of crystal engineering new coordination networks with even greater diversity. 
(iii) Defects, disorder and particle size. As instrumentation and chemical 
understanding become more precise, description of crystalline materials must therefore 
become more accurate. It is evident from the studies herein, that coordination networks 
regularly exhibit a certain level of structural disorder that directly affects their properties. 
From the literature,
3
 defects and particle size can play a role in the properties of 
crystalline materials, in general, and coordination networks, in particular. It is therefore 
pertinent that greater understanding and control is sought by the crystal engineer in this 
regard.  
(iv) Hydrolytic stability. Water is ubiquitous, small, and its hydrogen bonding 
capabilities as well as its amenability to act as a coordinating ligand means that it is 
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always a highly competitive molecule and can regularly disrupt (i) the formation of a 
desired coordination network or (ii) the structure and properties of an existing 
coordination network. In the presence of water, greater understanding is required in 
synthesising and sustaining coordination networks through the identification of more 
robust MBBs. In the case of porous coordination networks, crystal engineering principles 
need to be developed that specifically controls the selectivity of water and will likely 
require fine-tuning of pore chemistry over pore size. This may also have implicit effects 
on the selectivity of water for separation technologies (e.g. water capture/dehydration 
processes).   
 
In the context of gas separations, the crystal engineering of coordination networks 
may offer a view to designing porous materials that exhibit benchmark working capacity 
and selectivity for any number of gas mixtures and providing new solutions to 
technological challenges that would have potential industrial separations. However, for 
coordination networks to reach their industrial potential, a number of issues need to be 
addressed: 
(i) Pore size, pore shape, pore chemistry. From the work presented herein, 
the crystal engineering of ideal molecular sieves is feasible wherein working capacity and 
selectivity reach new benchmarks. However, only trace C2H2/C2H4 gas separations have 
been demonstrated. There are many challenging gas separation processes; crystal 
engineering may offer new coordination networks that afford improved 
separations/purifications at room temperature. As the properties of coordination networks 
are improved and the gas mixtures become more complicated/challenging, the issue of 
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co-adsorption will also need to be addressed wherein these coordination networks must be 
able to discern between very similar gas molecules. 
(ii) Reproducibility and Scalability. From the literature,4 the fidelity by 
which coordination networks can reproducibly exhibit properties is an apparent challenge. 
Further, satisfactory laboratory yields from the synthesis of coordination networks tend to 
be on the milligram scale (ca. 100 mg/experiment). Therefore, for coordination networks 
to be seen as a legitimate alternative for gas separations, processing methods need to be 
specifically developed for the kilogram scale synthesis of coordination networks that 
exhibit accurate and reproducible properties. 
(iii) Formulations. The synthesis and study of gas separations is typically 
conducted on polycrystalline samples of coordination networks. However, the practical 
use of coordination networks will not take the form of loose powders – materials must be 
formulated into a safe to handle, transportable, product that still repeatedly exhibits the 
properties it is intended to have. These materials would likely be compressed into pellets 
with or without binding agents. Although, crystal engineering of coordination networks 
may offer several candidates for gas separation applications, it is unclear if they are 
structurally stable enough to undergo formulation processes. However, these formulated 
products may be coated with e.g. hydrophobic materials, thereby offering a possible 
solution to the issue of water in porous coordination networks.  
 
Ultimately, the field of crystal engineering offers chemists a view to controlling 
and fine-tuning the structure and properties of crystalline materials, with coordination 
networks typically being a modular and exemplary medium to work through. From the 
work reported herein, it may be seen that there is great potential for the crystal 
engineering of coordination networks, in particular interpenetrated Hybrid 
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Statistics of Molecular Building Blocks observed in the 





The survey on MBBs was carried out using CSD version 5.39 (November 2017) 
for all searches, as applied in ConQuest 1.20. Searches were carried out using structures 
equivalent to that depicted in the following tables, wherein ambiguous bond types were 
assigned as ‘Any’. The following metal centres were surveyed: Mg, Ca, Sc, Ti, V, Cr, 
Mn, Fe, Co, Ni, Cu, Zn, Sr, Y, Zr, Nb, Mo, Tc, Ru, Rh, Pd, Ag, and Cd. Where necessary, 
the number of atoms bonded to the metal centres was assigned and the torsional angle 
between coordinating atoms assigned to control geometry; for example, in the case of 
tetrahedral (N-donor) MBBs the torsional angle between the four coordinating nitrogen 
atoms is set as 90° ±20°, whereas in the case of square planar (N-donor) MBBs the 
torsional angle between the four coordinating nitrogen atoms is set as 0° ±20°. A filter 




Table S1.1 O-Donor Molecular Building Blocks 























Mg - - 1 (<1%) - - 
Ca 1 (<1%) - - - - 
Sc - - - - 1 (<1%) 
Ti 51 (7%) - 1 (<1%) - - 
V 12 (2%) - - - 16 (3%) 
Cr 186 (27%) - 34 (1%) - 130 (20%) 
Mn 95 (14%) - 7 (<1%) - 55 (9%) 
Fe 198 (29%) - 45 (2%) - 252 (39%) 
Co 31 (5%) - 37 (1%) 5 (5%) 11 (2%) 
Ni 5 (1%) - 38 (1%) - 16 (3%) 
Cu 52 (8%) - 1357 (52%) 2 (2%) - 
Zn 32 (5%) 40 (100%) 163 (6%) 89 (89%) 1 (<1%) 
Sr - - - - - 
Y - - - - - 
Zr - - - - - 
Nb - - - - - 
Mo 8 (1%) - 157 (6%) - - 
Tc 2 (<1%) - 5 (<1%) - - 
Ru 19 (3%) - 329 (13%) - 52 (8%) 
Rh 12 (2%) - 434 (17%) - 7 (1%) 
Pd - - - - - 
Ag - - - - - 
Cd 4 (1%) - 4 (<1%) - - 
Total 686 (100%) 40 (100%) 2614 (100%) 100 (100%)
a
 638 (100%) 





Table S1.2 N-Donor Molecular Building Blocks 















Mg - 11 (<1%) 11 (<1%) - 
Ca - 2 (<1%) - - 
Sc - - - - 
Ti - 5 (<1%) - - 
V - 6 (<1%) - - 
Cr - 96 (2%) 49 (1%) - 
Mn - 219 (4%) 21 (<1%) - 
Fe - 1381 (26%) 89 (1%) - 
Co - 1100 (20%) 180 (3%) - 
Ni - 873 (16%) 2338 (37%) - 
Cu 19 (100%) 250 (5%) 1759 (28%) - 
Zn - 368 (7%) 387 (6%) - 
Sr - - - - 
Y - 4 (<1%) - - 
Zr - 3 (<1%) - - 
Nb - 1 (<1%) - - 
Mo - 5 (<1%) - - 
Tc - 3 (<1%) - - 
Ru - 928 (17%) 2 (<1%) - 
Rh - 29 (1%) 11 (<1%) 5 (100%) 
Pd - - 1250 (20%) - 
Ag - 18 (<1%) 160 (3%) - 
Cd - 123 (2%) 11 (<1%) - 






Table S1.3. N-Donor Molecular Building Blocks, Continued. 






Basic Zinc Pyrazolate  
(6-c) 
Basic Iron Pyrazolate  
(6-c) 
Mg 115 (3%) 1 (20%) - 
Ca 23 (1%) - - 
Sc 17 (<1%) - - 
Ti 60 (1%) - - 
V 34 (1%) - - 
Cr 32 (1%) - - 
Mn 87 (2%) - 1 (11%) 
Fe 197 (5%) - 6 (67%) 
Co 315 (7%) 3 (60%) 2 (22%) 
Ni 124 (3%) - - 
Cu 1400 (32%) - - 
Zn 781 (18%) 1 (20%) - 
Sr 6 (<1%) - - 
Y 40 (1%) - - 
Zr 30 (1%) - - 
Nb 27 (1%) - - 
Mo 43 (1%) - - 
Tc - - - 
Ru - - - 
Rh 1 (<1%) - - 
Pd - - - 
Ag 935 (22%) - - 
Cd 46 (1%) - - 






Table S1.4 Mixed-Donor Molecular Building Blocks 





 Basic Iron 
Acetate/Pyrazolate 















Mg - - 1 (<1%) 142 (1%) 
Ca - - - 54 (<1%) 
Sc - - - 18 (<1%) 
Ti - - 1 (<1%) 74 (<1%) 
V 1 (25%) 2 (1%) - 77 (<1%) 
Cr - 24 (10%) 26 (1%) 591 (2%) 
Mn - 33 (13%) 7 (<1%) 1497 (5%) 
Fe - 92 (37%) 45 (2%) 4786 (17%) 
Co 3 (75%) 7 (3%) 37 (1%) 6680 (24%) 
Ni - 15 (6%) 38 (2%) 4482 (16%) 
Cu - - 1305 (53%) 3412 (12%) 
Zn - 1 (<1%) 163 (7%) 1423 (5%) 
Sr - - - 13 (<1%) 
Y - - - 17 (<1%) 
Zr - - - 34 (<1%) 
Nb - - - 19 (<1%) 
Mo - - 86 (3%) 126 (<1%) 
Tc - - 4 (<1%) 23 (<1%) 
Ru - 14 (6%) 327 (13%) 3237 (11%) 
Rh - - 424 (17%) 390 (1%) 
Pd - - - 22 (<1%) 
Ag - - - 22 (<1%) 
Cd - - 4 (<1%) 1334 (5%) 
Total 4 (100%) 251 (100%) 2468 (100%) 28343 (100%) 





Table S1.5. Mixed-Donor Square Planar Molecular Building Blocks 













Mg - - 16 (<1%) 
Ca - - - 
Sc - - 1 (<1%) 
Ti - - 2 (<1%) 
V 1 (1%) - 40 (1%) 
Cr 1 (1%) - 175 (4%) 
Mn 22 (14%) - 288 (7%) 
Fe 2 (1%) 1 (1%) 167 (4%) 
Co 95 (62%) 9 (5%) 1066 (26%) 
Ni 4 (3%) 7 (4%) 831 (20%) 
Cu 14 (9%) 159 (87%) 874 (21%) 
Zn 4 (3%) 1 (1%) 376 (9%) 
Sr - - - 
Y - - - 
Zr - - - 
Nb - - - 
Mo - - 3 (<1%) 
Tc - - 1 (<1%) 
Ru 8 (5%) - 71 (2%) 
Rh - - 15 (<1%) 
Pd - - 1 (<1%) 
Ag - - 1 (<1%) 
Cd 5 (3%) 5 (3%) 221 (5%) 







Table S1.6. Mixed-Donor Tetrahedral Molecular Building Blocks 













Mg - - - 
Ca - - - 
Sc - - - 
Ti - 1 (<1%) - 
V 1 (<1%) - - 
Cr 72 (33%) 1 (<1%) - 
Mn 15 (7%) 9 (2%) 1 (<1%) 
Fe 10 (5%) 8 (1%) 8 (1%) 
Co 76 (35%) 85 (15%) 76 (14%) 
Ni 9 (4%) 75 (13%) 1 (<1%) 
Cu 11 (5%) 84 (15%) - 
Zn 22 (10%) 150 (27%) 441 (82%) 
Sr - - - 
Y - - - 
Zr - 1 (<1%) - 
Nb - - - 
Mo 1 (<1%) - - 
Tc - - - 
Ru 2 (1%) - - 
Rh 2 (1%) - - 
Pd - - - 
Ag - - 6 (1%) 
Cd 1 (<1%) 144 (26%) 2 (<1%) 






Table S1.7. High-Connectivity Molecular Building Blocks 










(6,c, 8-c, 12-c) 
Mg - - - 
Ca - - - 
Sc - - - 
Ti - - - 
V - - - 
Cr - - - 
Mn - 4 (20%) - 
Fe - 3 (15%) - 
Co - 5 (25%) - 
Ni - 2 (10%) - 
Cu 4 (100%) 2 (10%) - 
Zn - 1 (5%) - 
Sr - - - 
Y - - - 
Zr - - 62 (93%) 
Nb - - - 
Mo - - - 
Tc - - - 
Ru - - - 
Rh - - - 
Pd - - - 
Ag - - - 
Cd - 3 (15%) - 
Total 4 (100%) 20 (100%) 67 (100%)
a
 
Footnotes: Cuboctahedron consisting of Hf metal centres are reported and five structures have been 












Figure S1.2. Histogram depicting the occurrence of different metal centres in MBBs 





Supporting Information for Chapter 2: 
An Ideal Molecular Sieve for Acetylene Removal from 





Materials and Methods 
All starting chemicals and solvents were purchased from commercial companies 
and used without further purification. Thermogravimetric analyses (TGA) were carried 
out using a Shimadzu TGA-50 analyzer under N2 atmosphere with a heating rate of 5 °C 
min
-1
. Powder X–ray diffraction (PXRD) patterns were measured by a Rigaku Ultima IV 
diffractometer operated at 40 kV and 44 mA with a scan rate of 2.0 deg min
-1
. N2 
(99.999%), C2H2 (99%), C2H4 (99.99%), He (99.999%) and mixed gases of (1) 
C2H2/C2H4 = 1/99 (v/v), (2) 100 ppm CO2, 1% C2H2 and 98.99% C2H4; (3) 1000 ppm 
CO2, 1% C2H2 and 98.9% C2H4 were purchased from JinGong Company (China). Mixed 
gases of (4) 6 ppm H2O, 1% C2H2 and 98.99% C2H4, (5) 83 ppm H2O, 1% C2H2 and 
98.99% C2H4, (6) 1340 ppm H2O, 1% C2H2, and 98.86% C2H4, and standard gases of 
C2H2 and C2H4 were purchased from Shanghai Wetry Standard Reference Gas Analytical 
Technology Co. LTD (China). 
Synthesis of [Cu(azpy)2(SiF6)]n (SIFSIX-14-Cu-i/UTSA-200). Saffron prism-
shaped single crystals of SIFSIX-14-Cu-i/UTSA-200 were synthesized in quantitative 
yield at room temperature by slow diffusion of a methanol solution of CuSiF6 (2 mL, 0.15 
mmol) into a DMSO solution of 4,4ʹ-azopyridine (azpy, 0.12 mmol) after one week. An 
alternative fast and direct mixing method was used to produce large amount of powder 
samples of SIFSIX-14-Cu-i/UTSA-200. A methanol solution (3 mL) of azpy (0.266 
mmol) was mixed with an aqueous solution of CuSiF6 (2.5 mL, 0.247 mmol) at 80°C 
resulting in a bright grey precipitate, which was then heated at 80°C for 15 min, 





Gas sorption measurements 
A Micromeritics ASAP 2020 surface area analyzer was used to measure gas 
adsorption isotherms. To remove all the guest solvents in the framework, the fresh 
powder samples were first solvent-exchanged with dry methanol at least 10 times within 
two days, and evacuated at room temperature (298 K) for 36 h until the outgas rate was 5 
mmHg min
-1
 prior to measurements. The sorption measurement was maintained at 77 K 
or 196 K under liquid nitrogen or dry ice-acetone bath, respectively. An ice-water bath 
(slush) and water bath were used for adsorption isotherms at 273 and 298 K, respectively. 
 
Breakthrough tests 
The breakthrough experiments were performed in dynamic gas breakthrough 
equipment similarly to our previous work.
1
 All experiments were conducted using a 
stainless steel column (4.6 mm inner diameter × 50 mm). The weight of sample packed in 
the column was: 0.158 g. The column packed with sample was firstly purged with He 
flow (10 ml min
-1
) for 12 h at room temperature (25 °C). The mixed gas (C2H2/C2H4: 
1/99, v/v) flow was then introduced at 1.25 ml min
-1
. Outlet gas from the column was 
monitored using gas chromatography (GC-8A or GC-2010 plus, SHIMADZU) with a 
flame ionization detector (FID). The standard gases were used to calibrate the 
concentration of the outlet gas. After the breakthrough experiment, the sample was 
regenerated with He flow (7 to 14 ml min
-1
) for 6 to 20 hours. 
The captured C2H2 by UTSA-200a during the breakthrough experiment can be 
recovered in a two-step process by adsorption followed by desorption at 338 K. Detection 
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of the composition of gases during regeneration process is shown as follows: to analysis 
the composition of the desorbed gases, we firstly introduced the mixed gas (71.775% 
C2H4, 27.5 N2, 0.725% C2H2) into the column (UTSA-200a) at 1.91 ml/min. When the 
breakthrough experiments were finished, heated the column to 338 K with the unchanged 
flow rate of 71.775% C2H4, 27.5 N2, 0.725% C2H2. Outlet gas from the column was 
monitored using gas chromatography (GC-2010 plus) with a thermal conductivity 
detector (TCD) coupled with a FID. It should be note that nitrogen in the mixed gas was 
used to calibrate the change of flow rate during desorption process. By subtracting the 
background signal from the collected data, we got the composition of the desorbed C2H2 
and C2H4. 
In the processes of production of high-purity C2H4, the feed gases for the unit of 
C2H2 removal are contaminated with trace levels of CO2 (< 50 ppm), H2O (< 5 ppm), and 
O2 (< 5 ppm).
2
 Therefore, the effect of trace levels of CO2 (< 100 ppm), H2O (< 1340 
ppm), and O2 (< 2200 ppm) on the separation of C2H2/C2H4 mixtures was also 
investigated. Breakthrough tests of mixed gas (C2H2/C2H4/CO2 or C2H2/C2H4/O2): The 
mixed gas flow was introduced at 1.25 ml min
-1
. Outlet gas from the column was 
monitored using gas chromatography (GC-2010 plus) with a thermal conductivity 
detector (TCD) coupled with a FID. The gas mixture was separated by a capillary column 
(Agilent GS-GASPRO, F 0.32 × 60 M) at 373 K with a He flow rate of 8 mL/min. The 
concentration of CO2 or O2 in the outlet gas was monitored by a TCD and the 
concentration of C2H2 and C2H4 were detected by a FID. Breakthrough tests of mixed gas 
(C2H2/C2H4/H2O): the mixed gas flow was introduced at 1.25 ml min
-1
. Outlet gas from 
the column was monitored using two gas chromatography in a series. The first gas 
chromatography is a GC-2010 plus with a TCD and a capillary column (Agilent HP-
PLOT/Q, F 0.53 × 30 M). The second gas chromatography is a GC-8A with a FID and a 
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packed column (No. 15092203, JieDao Tech). The concentration of H2O in the outlet gas 
was monitored by a TCD (GC-2010 plus) and the concentration of C2H2 and C2H4 were 
detected by a FID (GC-8A).  
 
Single-crystal X-ray crystallography 
Crystal data of UTSA-200 were collected using synchrotron radiation, λ = 
0.41325, at the Advanced Photon Source, Chicago, IL. Indexing was performed using 
APEX2 (Difference Vectors method).
3
 Data integration and reduction were performed 
using SaintPlus 6.0.
4
 Absorption correction was performed by multi-scan method 
implemented in SADABS.
5
 Space groups were determined using XPREP implemented in 
APEX2.
3
 The structure was solved by direct methods and refined by full matrix least-
squares methods with the SHELX-97 program package.
6,7
 The solvent molecules in the 
compound are highly disordered. The SQUEEZE subroutine of the PLATON software 
suite was used to remove the scattering from the highly disordered guest molecules.
8
 The 
resulting new files were used to further refine the structures. The H atoms on C atoms 
were generated geometrically. The crystal data are summarized in Table S2.2. 
 
Neutron diffraction experiment 
Neutron diffraction data were collected using the BT-1 neutron powder 
diffractometer at the National Institute of Standards and Technology (NIST) Center for 
Neutron Research. A Ge(311) monochromator with a 75° take-off angle, λ = 2.0787(2) Å, 
and in-pile collimation of 60 minutes of arc was used. Data were collected over the range 
of 1.3-166.3° (2θ) with a step size of 0.05°. Fully activated UTSA-200a sample was 
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loaded in a vanadium can equipped with a capillary gas line and a packless valve. A 
closed-cycle He refrigerator was used for sample temperature control. The bare MOF 
sample was measured first at the temperatures of 6 K, 100 K, 200 K, and 300 K. To probe 
the acetylene adsorption locations, a pre-determined amount of C2D2 (~1.64 C2D2 per 
UTSA-200a; note that deuterated acetylene was used because H has large incoherent 
neutron scattering cross section, and thus would introduce large background in the 
diffraction data) was loaded into the sample at room temperature, and the sample was 
slowly cooled to 200 K (at which point, nearly all gas molecules were adsorbed into the 
sample). Diffraction data were then collected on the C2D2-loaded MOF samples. 
Rietveld structural refinement was performed on the neutron diffraction data using the 
GSAS package.
9
 Refinement on lattice parameters, atomic coordinates, thermal factors, 
gas molecule occupancies, background, and profiles all converge with satisfactory R-
factors. The structural data are summarized in Table S2.3 and S2.4. 
 
Density-functional theory calculations 
Neutro First-principles density-functional theory (DFT) calculations were 
performed using the Quantum-Espresso package. A semi-empirical addition of dispersive 
forces to conventional DFT was included in the calculation to account for van der Waals 
interactions.
10
 We used Vanderbilt-type ultrasoft pseudopotentials and generalized 
gradient approximation (GGA) with Perdew-Burke-Ernzerhof (PBE) exchange 
correlation. A cutoff energy of 544 Ev and a 2×2×4 kpoint mesh (generated using the 
Monkhosrt-Pack scheme) were found to be enough for the total energy to converge within 
0.01 meV/atom. We first optimized the structure of UTSA-200a. The optimized 
194 
 
structures are good matches for the experimentally determined crystal structures of the 
coordination networks. Various guest gas molecules were then introduced to various 
locations of the channel pore, followed by a full structural relaxation. To obtain the gas 
binding energy, an isolated gas molecule placed in a supercell (with the same cell 
dimensions as the MOF crystal) was also relaxed as a reference. The static binding energy 
(at T = 0 K) was then calculated using: EB = E(MOF) + E(gas) – E(MOF+gas). 
 
Fitting of pure component isotherms 
The pure component isotherm data for C2H2 and C2H4 in UTSA-200 were fitted 
with the dual-site Langmuir-Freundlich isotherm model: 








   (1) 
with T-dependent parameters bA, and bB 
𝑏𝐴  =  𝑏𝐴0𝑒𝑥𝑝 (
𝐸𝐴
𝑅𝑇
) ; 𝑏𝐵  =  𝑏𝐵0𝑒𝑥𝑝 (
𝐸𝐵
𝑅𝑇
)  (2) 
The fitted parameter values are presented in Table S2.6. For all other MOFs, the 




Isosteric heat of adsorption 
The binding energy of C2H2 is reflected in the isosteric heat of adsorption, Qst, 
defined as 






  (3) 
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Figure S2.10 presents a comparison of the heats of adsorption of C2H2 for UTSA-
200a with SIFSIX-2-Cu-i; the calculations are based on the use of the Clausius-
Clapeyron equation. 
 
IAST calculations of adsorption selectivities 
We consider the separation of binary C2H2/C2H4 mixtures. The adsorption 
selectivity for C2H2/C2H4 separation is defined by 
𝑆𝑎𝑑𝑠  =  
𝑞1 𝑞2⁄
𝑝1 𝑝2⁄
    (4) 
In equation (4), q1 and q2 are the molar loadings in the adsorbed phase in 
equilibrium with the bulk gas phase with partial pressures p1, and p2. Figure 2.3(a) 
presents IAST calculations of the adsorption selectivity and uptake capacity of C2H2/C2H4 
mixtures containing 1% C2H2, as a function of the total bulk gas pressure. 
 
Transient breakthrough of C2H2/C2H4 mixtures in fixed bed adsorbers 
The performance of industrial fixed bed adsorbers is dictated by a combination of 
adsorption selectivity and uptake capacity. For a proper comparison of various MOFs, we 
perform transient breakthrough simulations using the simulation methodology described 
in the literature.
12,13
 For the breakthrough simulations, the following parameter values 
were used: length of packed bed, L = 0.12 m; voidage of packed bed, = 0.75; superficial 
gas velocity at inlet, u = 0.003 m/s. The transient breakthrough simulation results are 
presented in terms of a dimensionless time, τ, defined by dividing the actual time, t, by 
the characteristic time, Lε/u. 
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We investigated the separation performance of UTSA-200a for the separation of 
1/99 C2H2/C2H4 feed mixtures. The transient breakthrough simulations in Figure 2.3(c) 
show the molar concentrations of C2H2/C2H4 in the gas phase exiting the adsorber packed 
with UTSA-200a as a function of the dimensionless time, τ. In these simulations, the total 
bulk gas phase is at 298 K and 100 kPa; the partial pressures of C2H2, and C2H4 in the 
inlet feed gas mixture are, respectively, p1 = 1 kPa, p2 = 99 kPa. Analogous breakthrough 
simulations were performed for UTSA-200a. On the basis of the gas phase 
concentrations, we can calculate the impurity level of C2H2 in the gas mixture exiting the 
fixed bed packed with UTSA-200a; see Figure S2.13. At a certain time, break, the 
impurity level will exceed the desired purity level of 40 ppm that corresponds to the 
purity requirement of the feed to the polymerization reactor. The adsorption cycle needs 
to be terminated at that time break and the regeneration process needs to be initiated. 
From a material balance on the adsorber, the amount of C2H2 captured during the time 
interval 0 - break can be determined. Table S2.7 provides a summary of the breakthrough 
times, break for various MOFs and the amount of C2H2 captured, expressed in mmol per 
L adsorbent in fixed bed. Figure 2.3(d) presents a plot of the amount of C2H2 captured 
plotted as a function of the time interval break. The hierarchy of capture capacities is 
directly related to the corresponding hierarchy of breakthrough times, break. UTSA-200 
has a significantly higher capture capacity, by more than a factor two, than other MOFs. 
 
The studies of recyclability and the effect of moisture 
The recyclability studies on C2H2 adsorption and breakthrough experiments were 
evaluated in UTSA-200a. The C2H2 adsorption isotherms were tested over 20 cycles on 
UTSA-200a. As shown in Figure S2.24, the C2H2 uptake capacity shows no apparent loss 
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after the cycling test. Similarly, we performed multiple mixed-gas (C2H2/C2H4 at 1/99) 
column breakthrough tests to examine the preservation of separation performance of 
UTSA-200a at ambient conditions. The recycling measurements revealed that UTSA-
200a retains the C2H2 capture capacity and breakthrough time over at least 12 cycles 
(Figures S2.21 and S2.23). The effect of moisture on breakthrough experiments was 
carried out on UTSA-200a for the 1/99 C2H2/C2H4 mixtures containing trace H2O (from 6 
to 1340 ppm). The presence of trace H2O has a negligible effect on the breakthrough 
performance of UTSA-200a (Figure S2.20). When exposed the sample to a high humidity 
for a long time, UTSA-200 shows a very slow phase change, as indicated by PXRD peak 
shifts and the appearance of additional peaks. It is worth noting that the changed sample 
can be regenerated to the original material by soaking into the methanol solution for 1 
day, as confirmed by PXRD analyses (Figure S2.25). Gas sorption measurements 
indicated that the regenerated sample remains the molecular sieving effect for C2H2/C2H4 











Table S2.1. Comparison of the adsorption uptakes, selectivities, and heat of adsorption data for C2H2 and C2H4 in 
















C2H2 C2H4 C2H2 C2H4 
UTSA-200a 612e 3.4x3.4 3.65 0.63 6320f 40 27/37g 56.0 - 
This 
work 
SIFSIX-2-Cu-i 503 4.4x4.4 4.02 2.19 44.54 41.9 30.7 52.9 39.8 1 
M’MOF-3a 110 3.4x3.8 1.9g 0.4h 24 25 - - - 14 
UTSA-100a 970 4.3x4.3 4.27g 1.66 10.72 22 - - - 11 
SIFSIX-1-Cu 1178 8.0x8.0 8.50 4.11 10.63 30/37g 23.5 44.6 27.2 1 
SIFSIX-3-Zn 250 4.2x4.2 3.64 2.24 8.82 21/31 28.8 50.3 47.4 1 
SIFSIX-2-Cu 1881 11x11 5.38 2.02 6.0 26.3 20.8 34.6 - 1 
SIFSIX-3-Ni 368 4.2x4.2 3.30 1.75 5.03 30.5 20.3 - - 1 
NOTT-300 1370 6.5x6.5 6.34i 4.28i 2.17 32 - - - 15 
Fe-MOF-74 1350 11x11 6.8j 6.1j 2.08 46 - - - 16 
a BET surface area calculated from N2 isotherms at 77 K. 
b At a temperature of 298 K. 
c IAST selectivity for C2H2/C2H4 mixtures containing 1% C2H2 at 1 bar. 
d Qst values at low surface coverage 
e BET surface area calculated from CO2 isotherms at 196 K. 
f Only for the qualitative comparison 
g The highest Qst values at various surface coverage 
h At a temperature of 296 K. 
i At a temperature of 293 K. 






Table S2.2. Crystallographic data and structure refinement results of UTSA-200. 
 UTSA-200 
Formula C20H16CuF6N8Si 
Formula weight 574.04 
Temperature/K 150(2) 
Crystal system Tetragonal 
Space group I-4 
a, b (Å) 13.0634(12) 
c (Å) 8.1827(7) 
α (°) 90.00 
β (°) 90.00 












 0.008 x 0.006 x 0.005 
GOF 1.108 
Rint 0.1181 
R1, wR2 [I>=2σ(I)] 0.0744, 0.1943 
R1, wR2 [all data] 0.0802, 0.2079 
Largest diff. peak and hole 0.714 and -0.870 e/Å
-3
 






Table S2.3. Structural data of the desolvated UTSA-200a. 
 UTSA-200a 
Formula C20H16CuF6N8Si 
Formula weight 574.04 
Temperature/K 200(2) 
Crystal system Tetragonal 
Space group P4/ncc 
a, b (Å) 13.0468(11) 
c (Å) 7.9013(7) 
α (°) 90.00 
β (°) 90.00 








Rwp, Rp 0.0260, 0.0206 











Table S2.4. The C2D2-loaded structural data for UTSA-200a∙1.64C2D2. 
 UTSA-200a 
Formula C23.28H16CuD3.28F6N8Si 
Formula weight 619.98 
Temperature/K 200(2) 
Crystal system Triclinic 
Space group P-1 
a (Å) 13.0777(23) 
b (Å) 13.0935(22) 
c (Å) 8.1177(13) 
α (°) 87.240(13) 
β (°) 89.680(14) 





Rwp, Rp 0.0312, 0.0247 











Table S2.5. Comparison of C2H2 and C2H4 uptake (cm
3/cm3) from gas sorption isotherms at various pressures, 
and the C2H2/C2H4 uptake ratio at 0.01/0.01 bar and 0.01/0.99 bar for various materials indicated in this study. 
MOFs 
C2H2 uptake C2H4 uptake [cm











0.01/0.01b 0.01/0.99c [g cm-3] 
UTSA-200a 57.8 0.062 4.5 18.4 929 3.41 1.417 
This 
work 
SIFSIX-2-Cu-i 42.1 1.7 44.4 61.0 25.2 0.70 1.247 1 
M’MOF-3a 6.5 0.5 9.3 13.7 13.0 0.51 1.040 17 
SIFSIX-1-Cu 19.8 1.7 47.4 76.0 11.8 0.26 0.864 1 
SIFSIX-3-Zn 17.8 1.6 69.8 75.7 11.1 0.23 1.578 1 
UTSA-100a 18.1 5.7 36.4 42.4 3.2 0.43 1.062 11 
Fe-MOF-74 31.7 22.7 129.6 151.6 1.5 0.20 1.126 16 
NOTT-300 6.4 4.2 76.5 99.8 1.5 0.06 1.146 15 
Mg-MOF-74 50.4 34.4 127.1 142.1 1.5 0.35 0.909 14 
a The C2H2 uptake capacity at 0.01 bar and room temperature. 
b The ratio from C2H2 uptake at 0.01 bar/C2H2 uptake at 0.01 bar (0.01/0.01). 
c The ratio from C2H2 uptake at 0.01 bar/C2H4 uptake at 0.99 bar (0.01/0.99). 
 
 
Table S2.6. Dual-site Langmuir-Freundlich parameter fits for C2H2 and C2H4 in UTSA-200. 
 Site A Site B 
















 1 22 2.3 2.93x10
-10
 1 40 
C2H4 1.3 1.36x10
-53
 4.4 173 1.3 6.21x10
-11






Table S2.7. Breakthrough calculations for separation of C2H2/C2H4 mixture containing 1 mol% C2H2 at 298 
K. The data for FeMOF-74 is at a temperature of 318 K; this is the lowest temperature used in the isotherms 
measurements of Bloch et al.
16
 The data for NOTT-300 is at 293 K, for which the isotherm data is available 
in Yang et al.
15
 The product gas stream contains less than 40 ppm C2H2. 




UTSA-200 1746.1 2113.3 
SIFSIX-2-Cu-i 644.90 780.00 
SIFSIX-1-Cu 219.83 265.33 
SIFSIX-3-Zn 175.16 211.00 
UTSA-100a 112.39 135.33 
SIFSIX-3-Ni 103.73 124.67 
FeMOF-74 89.40 100.67 
M’MOF-3a 58.45 69.67 






Figure S2.1. PXRD patterns of as-synthesised powder (red) and single-crystal samples (blue) of UTSA-
















Figure S2.3. Structure description of SIFSIX-2-Cu-i. (a) The pore size channel structures in the diameter 
of 4.4 Å for SIFSIX-2-Cu-i viewed along the c axes. (b, c) DFT-D-calculated C2H2 (b) and C2H4 (c) 
adsorption models in SIFSIX-2-Cu-i viewed along the c axis, indicating that the pore size can allow the 





Figure S2.4. Structure description of SIFSIX-2-Cu-i (upper) and UTSA-200a (below), viewed along the c 
(a, c) and b (c, d) axes, respectively, showing a certain degree of titling of both of pyridine rings in UTSA-
200a due to the flexibility nature of azpy molecule. The different net is highlighted in purple blue for 





Figure S2.5. Solvent-accessible pore surface structure of SIFSIX-2-Cu-i and UTSA-200a: (a, c), viewed 
along the c axes; (b, d) and viewed along the b axes. Unlike the channel of SIFSIX-2-Cu-i, UTSA-200a 
shows the idealized pore channels as ideal molecular sieve, in which larger cavities in the diameter of about 
4.6 Å are interconnected by very narrow apertures (molecular sieving dimension: ~3.4 Å). The different net 
is highlighted in dark blue for clarity. Colour code: Cu (turquoise), Si (dark green), F (red), N (blue), C 




Figure S2.6. The calculated pore size distributions (PSD) of UTSA-200a. PSD was calculated using the 
well-known method by Gubbins et al.
18
 The van der Waals diameters of the framework atoms were adopted 




Figure S2.7. DFT-D–calculated C2H2 adsorption binding sites in UTSA-200a (the different nets are 








Figure S2.8. DFT-D-calculated C2H4 adsorption configuration in UTSA-200a (right structure), indicating 
that the N=N bond and pyridine rings on the azpy linker need to be rotated to make the dynamic pore size 
slightly larger under higher pressure (larger than 0.7 bar) to take up small amount of C2H4 gas molecules. 
The different net is highlighted in purple for clarity. Colour code: Cu (turquoise), Si (dark green), F (red), N 













) from gas sorption isotherms at various pressures for 











Figure S2.11. Neutron powder diffraction patterns for the Rietveld refinement of bare UTSA-200a (a) and 





Figure S2.12. Comparison of C2H2/C2H4 uptake ratio at 0.01/0.01 bar (a) and 0.01/0.99 bar (b) for UTSA-





Figure S2.13. ppm C2H2 in the outlet gas of transient breakthrough of C2H2/C2H4 mixture containing 1% 
C2H2 mixture in an adsorber bed packed with various MOFs. At a certain time, τbreak, the impurity level will 




Figure S2.14. Experimental column breakthrough curves for C2H2/C2H4 (1/99, v/v) separation with UTSA-
200a and SIFSIX-2-Cu-i at 298 K and 1.01 bar. The inset picture indicates that the C2H4 gas broke through 
the fixed UTSA-200a bed immediately due to the nearly fully molecular exclusion of C2H4 molecules, 




Figure S2.15. The concentration of C2H2 and the purity of C2H4 in the outlet gas of the adsorber. The 
inserted figure shows the C2H2 content in the outlet gas in ppm. Experimental breakthrough was conducted 
on a stainless steel column packed with UTSA-200a (F 4.6×50 mm) with C2H2/C2H4 mixture (1/99) as feed 




Figure S2.16. The signals of the desorbed C2H2 and C2H4 during regeneration process under flow of a 
71.775/27.5/0.725 gas mixture of C2H4, N2, and C2H2 at 338 K (Related to Experimental Procedures) at 338 
K. The signal of C2H2 and C2H4 were processed with the subtraction of background signal. Nitrogen in the 




Figure S2.17. The calculated relative purity (cumulative) of desorbed C2H2 during desorption process at 
338 K. This relative purity was calculated with the subtraction of background signal (inlet gas) and nitrogen 





Figure S2.18. Experimental column breakthrough curves for C2H2/C2H4 separations (1/99, v/v) on UTSA-
200a at 298 K and 1 bar with 2200 ppm O2 and without O2. The breakthrough experiments were carried out 




Figure S2.19. Experimental column breakthrough curves for C2H2/C2H4 (1/99, v/v) separations at 298 K 
and 1 bar in the absence and presence of 100 ppm CO2. The breakthrough experiments were carried out in a 




Figure S2.20. Experimental column breakthrough curves for C2H2/C2H4 separations (1/99, v/v) on UTSA-
200a at 298 K and 1 atm with different amounts of H2O. (1) 3.8 ppm H2O, 1% C2H2 and 98.99% C2H4; (2) 
83 ppm H2O, 1% C2H2 and 98.99% C2H4; (3) 1340 ppm H2O, 1% C2H2 and 98.86% C2H4. The 
breakthrough experiments were carried out in a column packed with UTSA-200a (F 4.6 × 50 mm) at a flow 




Figure S2.21. Cycling column breakthrough curves for C2H2/C2H4 separations (1/99, v/v) with UTSA-200a 
at 298 K and 1 bar. The breakthrough experiments were carried out in a column packed with UTSA-200a 
(F 4.6×50 mm) at a flow rate of 1.25 ml/min. Regeneration with He flow (7 to 15 mL/min) for 7 to 12 h at 




Figure S2.22. Experimental desorption curves for C2H2 at different temperatures and He flow rates. Before 
desorption, the breakthrough experiments for C2H2/C2H4 (1/99, v/v) mixture was carried out in a column 







Figure S2.23. Cyclic breakthrough experiments on UTSA-200a at 298 K and 1 bar, indicating that UTSA-
200a maintained the C2H4 eluted amount from the outlet effluent and the C2H2 captured amount during the 






Figure S2.24. Cyclic C2H2 adsorption measurements on UTSA-200a at 298 K and 1 bar, indicating that 




Figure S2.25. PXRD patterns of as-synthesized samples (black), the samples after exposed to air for two 




Figure S2.26. C2H2 and C2H4 adsorption isotherms of UTSA-200a (red) and the regenerated sample after 




Figure S2.27. PXRD patterns of as-synthesized samples (black) and the samples after the multiple 
adsorption tests (blue) and breakthrough tests (red). 
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Appendix C  
Supporting Information for Chapter 3: 
Partial Interpenetration of a Hybrid Ultramicroporous 






Materials and Methods 
All starting reagents were purchased from commercial sources and used as 
received without further purification. Solvents used were fresh and stored over molecular 
sieves.  
Synthesis of [Cu(1,2-bis(4-pyridyl)diazene)2(SiF)6]n SIFSIX-14-Cu-i, 99% 2-
Fold Interpenetrated (1). Copper (II) hexafluorosilicate (123.6 mg, 0.6 mmol) and 4,4'-
azopyridine (220.8mg, 1.2 mmol) were immersed in 30 ml of methanol in a 250 ml Parr® 
teflon bomb. The vessel was placed in a laboratory oven at 120 °C for 1 h forming a 
saffron micro-crystalline powder. The reaction vessel was removed from the oven and 
allowed to stand and cool to ambient temperature. The precipitate was collected with a 
Pasteur pipette and continuously washed with dried methanol until the solvent ran clear. 
The material was submerged in a scintillation vial of dried methanol. In our hands, the 
material remains stable in this condition.   
Synthesis of [Cu(1,2-bis(4-pyridyl)diazene)2(SiF)6]n SIFSIX-14-Cu-i, 93% 2-
Fold Interpenetrated (2). This reaction was carried out identically to that previously 
reported.
1
 In a 500 ml Schott Duran® bottle, copper (II) hexafluorosilicate (123.6 mg, 0.6 
mmol) and 4,4'-azopyridine (123.6 mg, 0.6 mmol) were immersed in 30 ml of methanol. 
The loosely capped bottle was placed in a laboratory oven at 120 °C for 1 h forming a 
saffron micro-crystalline powder. (CAUTION! Do not seal bottle tightly as the 
evaporating methanol could pressurize the bottle leading to the glass breaking). Upon 
removal from the oven, the reaction vessel and ca. 15 ml of methanol was added and the 
precipitate collected with a Pasteur pipette. The sample was continuously washed with 
dried methanol until the solvent ran clear. The material was submerged in a scintillation 
vial of dried methanol. In our hands, the material remains stable in this condition.   
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Synthesis of [Cu(1,2-bis(4-pyridyl)diazene)2(SiF)6]n SIFSIX-14-Cu-i, 89% 2-
Fold Interpenetrated (3). In a 500 ml Schott Duran® bottle, copper (II) 
hexafluorosilicate (123.6 mg, 0.6 mmol) and 4,4'-azopyridine (123.6 mg, 0.6 mmol) were 
immersed in 30 ml of methanol. The loosely capped bottle was placed in a laboratory 
oven at 120 °C for 1 day forming a saffron micro-crystalline powder. (CAUTION! Do not 
seal bottle tightly as the evaporating methanol could pressurize the bottle leading to the 
glass breaking). Upon removal from the oven, the reaction vessel and ca. 15 ml of 
methanol was added and the precipitate collected with a Pasteur pipette. The sample was 
continuously washed with dried methanol until the solvent ran clear. The material was 
submerged in a scintillation vial of dried methanol. In our hands, the material remains 
stable in this condition.   
Synthesis of [Cu(1,2-bis(4-pyridyl)diazene)2(SiF)6]n SIFSIX-14-Cu-i, 70% 2-
Fold Interpenetrated (4). In a 500 ml Schott Duran® bottle, copper (II) 
hexafluorosilicate (123.6 mg, 0.6 mmol) and 4,4'-azopyridine (123.6 mg, 0.6 mmol) were 
immersed in 30 ml of methanol. The loosely capped bottle was placed in a laboratory 
oven at 120 °C for 1 week forming a saffron micro-crystalline powder. (CAUTION! Do 
not seal bottle tightly as the evaporating methanol could pressurize the bottle leading to 
the glass breaking). Upon removal from the oven, the reaction vessel and ca. 15 ml of 
methanol was added and the precipitate collected with a Pasteur pipette. The sample was 
continuously washed with dried methanol until the solvent ran clear. The material was 
submerged in a scintillation vial of dried methanol. In our hands, the material remains 





Powder X-ray Diffraction Studies 
Laboratory X-ray Powder Diffraction. A Panalytical Empyrean diffractometer 
was used in Bragg-Brentano geometry (40 kV, 40 mA, CuKα1,2 (λ = 1.5418 Å). A 0.5 
s/step scan speed was used with a step size of 0.05° in 2θ (6°/min) at room temperature, 
4° < 2θ < 40° (Figure S3.1 – S3.5). 
Synchrotron X-ray Powder Diffraction. In order to obtain high quality 
diffraction data required for quantitative refinement studies, synchrotron X-ray diffraction 
studies were carried out at beamline i-11 of the Diamond light source (λ = 0.82529(2) Å; 
Zero point = -0.006864(3)°). Wet samples were loaded into 0.6 mm quartz capillary tubes 
and sealed. A 2 s scan was used with the positional scanning detector (Figure S3.6 – 
S3.10).  
Quantitative Refinement. Analyses of the partial interpenetration observed in 
SIFSIX-14-Cu-i were carried out in GSAS-II. Peaks were fitted and lattice parameters 
were determined for both P4/mmm and I4/mmm settings. Each phase and its weight 
fraction was refined through whole powder pattern decomposition using the Le Bail 
method (Table S3.1).  
The weight fraction of each phase was then cross-validated with 77 K N2 adsorption data 
and molecular modelling data. That one could consider that N2 adsorption varies with 
respect to the fractional concentration of ultramicropores (interpenetrated) and 
micropores (non-interpenetrated), then the observed adsorption data for partially 
interpenetrated samples must therefore be approximately the sum of both fractional 
concentrations such that the linear Diophantine equation (1) could be satistified: 
𝑎𝑥 + 𝑏𝑦 = 𝑐  (1) 
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Where a and b are the uptake values for interpenetrated and non-interpenetrated 
compounds (643.5 cm
3
/g for non-interpenetrated; assumed to be zero for interpenetrated), 
respectively. The observed 77 K N2 data for each compound is represented in the 
equation by c (Table S3.1).  
 
Gas Sorption Studies 
Low pressure gas adsorption studies were carried out (to 1 bar) on a Micromeritics 
TriStart II PLUS (77 K N2 sorption studies) and a Micromeritics 3-Flex (298 K C2H2 and 
C2H4) porosimeter. Each sample was degassed overnight at room temperature using a 
SmartVacPrep instrument. A Julabo ME (v.2) recirculating control system (ethylene 
glycol/water mixture) was used to control 298 K experiments. The temperature of 77 K 
N2 experiments were maintained using a 4 L Dewar flask filled with liquid N2 (Figure 
S3.11 – S3.14). 
Ideal Adsorbed Solution Theory. Selectivity of one gas over another in a gas 
mixture was calculated using the ideal adsorbed solution theory (IAST) as implemented 
in the program pyIAST.
2-4
 In this study, we calculated the selectivity of C2H2 over C2H4 
in 1:99 C2H2/C2H4 gas mixture (Table S2; Figures S3.15 – S3.18).  
Experimental isotherms were fitted with adsorption models, 𝑛𝑖
°(𝑃),  that provided 
the best root mean square error (RMSE) and observable fitting. The Dual-Site Langmuir 
Isotherm Model (eq. 2) was used for all C2H2 adsorption data and the Henry Isotherm 













  (2) 
Where (𝑃) is pressure, 𝑀𝑖is the number of adsorption sites of type 𝑖 that has constants 𝐾𝑖 
(units: pressure
-1
) for sites 1 and 2. 
Henry Isotherm Model 
𝑛𝑖
°(𝑃) = 𝐾𝐻𝑃    (3) 
Where (𝑃) is pressure and 𝐾𝐻 is the Henry coefficient (units: loading/pressure). 
 
Thermal Studies 
Thermogravimetric analysis (TGA). All samples were heated under an N2 
atmosphere from room temperature to 400 °C in a TA instruments Q50 thermal analyzer 
(Figures S3.19 – S3.22). 
Differential Scanning Calorimetry (DSC). Each sample was added, while wet, 
to a hermetically sealed pan and a pinhole added to the seal to allow for solvent 
evaporation upon heating. Each sample was studied using a TA instruments Q2000 
differential scanning calorimeter. Samples were heated from room temperature to 120 °C 
at a rate of 20 °C/min and then held for 5 min to ensure complete evolution of trapped 
solvent. The samples were then heated to 350 °C at a rate of 20 °C/min to observe the 





Samples were mounted onto a Perkin Elmer Spectrum 100 Fourier-transform 
infrared-spectrometer (FT-IR) with Universal ATR and data was collected between 4000 
cm
-1
 and 400 cm
-1
 (Figures S3.28 – S3.32).  
 
Dynamic Breakthrough Measurements 
Activated samples were placed in a quartz tube (Ø = 8 mm) to form a fixed bed 
held in place using quartz wool. Each sample was kept under a dry helium flow to remove 
atmospheric contaminants. A C2H2/C2H4 mixture (1/99, v/v) was passed over the packed 
bed with a total flow rate of 5 ml/min at 298 K. The outlet gas concentration was 
continuously monitored using a Hiden HPR-20 QIC evolved gas analysis mass 
spectrometer (EGA-MS) (Figures S3.33 – S3.37). 
 
Stability Testing 
In order to test the stability of each compound, samples were dried on filter paper 
and kept exposed to ambient temperature/pressure/humidity for 24 h, wherein powder X-
ray diffraction studies indicated each compound had transformed to the sql-c* network 
topology, as previously reported
1




Figure S3.1. Laboratory X-ray powder diffractogram of the SIFSIX-14-Cu-i sample obtained from a 
Parr® teflon bomb after heating at 120 °C for 1 hour. 
 
Figure S3.2. Laboratory X-ray powder diffractogram of the SIFSIX-14-Cu-i sample obtained from a 




Figure S3.3. Laboratory X-ray powder diffractogram of the SIFSIX-14-Cu-i sample obtained from a 
Schott® bottle after heating at 120 °C for 1 day. 
 
Figure S3.4. Laboratory X-ray powder diffractogram of the SIFSIX-14-Cu-i sample obtained from a 




Figure S3.5. Laboratory X-ray powder diffractograms of all compounds reported herein. 
 
Figure S3.6. Synchrotron X-ray powder diffractogram of the SIFSIX-14-Cu-i sample obtained from a 





Figure S3.7. Synchrotron X-ray powder diffractogram of the SIFSIX-14-Cu-i sample obtained from a 
Schott® bottle after heating at 120 °C for 1 hour. 
 
Figure S3.8. Synchrotron X-ray powder diffractogram of the SIFSIX-14-Cu-i sample obtained from a 




Figure S3.9. Synchrotron X-ray powder diffractogram of the SIFSIX-14-Cu-i sample obtained from a 
Schott® bottle after heating at 120 °C for 1 week. 
 




 Table S3.1. Quantitative phase analysis data. 
















Phase 1 (I4/mmm) 1 2 3 4 
a (Å) 13.09286 13.05278 13.09573 13.13327 
c (Å) 8.63163 8.332017 8.65585 8.68294 
RF
2
 0.0765 0.02716 0.01171 0.01453 
Phase 2 (P4/mmm) 1 2 3 4 
a (Å) 13.06307 13.19122 13.07570 13.16352 
c (Å) 8.76253 8.27659 8.67638 8.64724 
RF
2
 0.02779 0.07407 0.02540 0.02369 
Total 1 2 3 4 
Rp 0.0325 0.01549 0.0176 0.0262 
wRp 0.04567 0.02444 0.03042 0.04885 
wRexp 0.0162 0.01577 0.0142 0.094 
GOOF 2.83 1.55 2.14 5.17 
 Wt. Fraction (Phase 1) 0.995 0.943 0.893 0.697 
 Wt. Fraction (Phase 2) 0.005 0.058 0.107 0.303 














N2 Uptake (5 mmHg) 6.273184502 46.01749329 68.77180474 159.5860954 
(Phase 1) 0.9903 0.9285 0.8931 0.7520 
(Phase 2) 0.0097 0.0715 0.1069 0.2480 
N2 Uptake (70 mmHg) 8.068504859 50.13816934 73.82417221 186.0047739 
(Phase 1) 0.9875 0.9221 0.8853 0.7110 
(Phase 2) 0.0125 0.0779 0.1147 0.2890 
N2 Uptake (140 mmHg) 8.847279729 50.42165614 75.53513971 191.3960483 
(Phase 1) 0.9863 0.9216 0.8826 0.7026 
(Phase 2) 0.0137 0.0784 0.1174 0.2974 
N2 Uptake (180 mmHg) 9.182487232 50.35656918 76.23631162 193.6488442 
(Phase 1) 0.9857 0.9217 0.8815 0.6991 
(Phase 2) 0.0143 0.0783 0.1185 0.3009 
N2 Uptake (735 mmHg) 23.55228009 68.92747552 96.6078192 252.6777112 
(Phase 1) 0.9634 0.8929 0.8499 0.6073 
(Phase 2) 0.0366 0.1071 0.1501 0.3927 
 Wt. Fraction (Phase 1) 0.9826 0.9174 0.8785 0.6944 
 Wt. Fraction (Phase 2) 0.01738 0.08263 0.12151 0.30561 
      
 Ave. Wt. Fraction  
(Phase 1) 0.99 0.93 0.89 0.70 
 Ave. Wt. Fraction  





Figure S3.11. 77 K N2 adsorption isotherm for the SIFSIX-14-Cu-i sample obtained from a Parr® teflon 
bomb after heating at 120 °C for 1 hour. 
 
Figure S3.12. 77 K N2 adsorption isotherm for the SIFSIX-14-Cu-i sample obtained from a Schott® bottle 




Figure S3.13. 77 K N2 adsorption isotherm for the SIFSIX-14-Cu-i sample obtained from a Schott® bottle 
after heating at 120 °C for 1 day. 
 
Figure S3.14. 77 K N2 adsorption isotherm for the SIFSIX-14-Cu-i sample obtained from a Schott® bottle 
after heating at 120 °C for 1 week. 
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Table S3.2. Isotherm fitting data 
C2H2 1 2 3 4 
Isotherm 
Model Dual-Site Langmuir 
M1 2.799174 2.387423 2.856387 3.330419 
K1 0.014613 0.012506 0.013560 0.014488 
M2 2.949824 2.484766 2.651546 2.449717 
K2 1.600007 2.298191 2.166130 2.215117 
RMSE 0.0387149841571 0.0836280201511 0.0542084111698 0.0499177844741 
C2H4 1 2 3 4 
Isotherm 
Model Henry 
KH 0.007981 0.007712 0.009058 0.011363 






Figure S3.15. IAST selectivity calculation for a 1:99 C2H2/C2H4 gas mixture adsorbed onto the SIFSIX-14-
Cu-i sample obtained from a Parr® teflon bomb after heating at 120 °C for 1 hour. 
 
Figure S3.16. IAST selectivity calculation for a 1:99 C2H2/C2H4 gas mixture adsorbed onto the SIFSIX-14-




Figure S3.17. IAST selectivity calculation for a 1:99 C2H2/C2H4 gas mixture adsorbed onto the SIFSIX-
14-Cu-i sample obtained from a Schott® bottle after heating at 120 °C for 1 day. 
 
Figure S3.18. IAST selectivity calculation for a 1:99 C2H2/C2H4 gas mixture adsorbed onto the SIFSIX-14-




Figure S3.19. Thermogravimetric trace of the SIFSIX-14-Cu-i sample obtained from a Parr® teflon bomb 
after heating at 120 °C for 1 hour. 
 
Figure S3.20. Thermogravimetric trace of the SIFSIX-14-Cu-i sample obtained from a Schott® teflon 




Figure S3.21. Thermogravimetric trace of the SIFSIX-14-Cu-i sample obtained from a Schott® bottle after 
heating at 120 °C for 1 day. 
 
Figure S3.22. Thermogravimetric trace of the SIFSIX-14-Cu-i sample obtained from a Schott® bottle after 




Figure S3.23. Differential scanning calorimetry trace of the SIFSIX-14-Cu-i sample obtained from a 
Parr® teflon bomb after heating at 120 °C for 1 hour. 
 
Figure S3.24. Differential scanning calorimetry trace of the SIFSIX-14-Cu-i sample obtained from a 




Figure S3.25. Differential scanning calorimetry trace of the SIFSIX-14-Cu-i sample obtained from a 
Schott® bottle after heating at 120 °C for 1 day. 
 
Figure S3.26. Differential scanning calorimetry trace of the SIFSIX-14-Cu-i sample obtained from a 




Figure S3.27. Baseline-corrected differential scanning calorimetry traces of all compounds reported herein, 
between the temperatures where decomposition occurs. 
 
Figure S3.28. ATR-FT-IR spectra of the SIFSIX-14-Cu-i sample obtained from a Parr® teflon bomb after 




Figure S3.29. ATR-FT-IR spectra of the SIFSIX-14-Cu-i sample obtained from a Schott® bottle after 
heating at 120 °C for 1 hour. 
 
Figure S3.30. ATR-FT-IR spectra of the SIFSIX-14-Cu-i sample obtained from a Schott® bottle after 




Figure S3.31. ATR-FT-IR spectra of the SIFSIX-14-Cu-i sample obtained from a Schott® bottle after 
heating at 120 °C for 1 week. 
 





Figure S3.33. Dynamic breakthrough of a 1:99 C2H2/C2H4 gas mixture (5 ml/min) of the SIFSIX-14-Cu-i 
sample obtained from a Parr® teflon bomb after heating at 120 °C for 1 hour. 
 
Figure S3.34. Dynamic breakthrough of a 1:99 C2H2/C2H4 gas mixture (5 ml/min) of the SIFSIX-14-Cu-i 




Figure S3.35. Dynamic breakthrough of a 1:99 C2H2/C2H4 gas mixture (5 ml/min) of the SIFSIX-14-Cu-i 
sample obtained from a Schott® bottle after heating at 120 °C for 1 day. 
 
Figure S3.36. Dynamic breakthrough of a 1:99 C2H2/C2H4 gas mixture (5 ml/min) of the SIFSIX-14-Cu-i 




Figure S3.37. Dynamic breakthrough of a 1:99 C2H2/C2H4 gas mixture (5 ml/min) of all samples reported 
herein. 
 
Figure S3.38. Laboratory X-ray powder diffractograms of all samples reported herein after 24 h of 





The single X-ray crystallographic structure of SIFSIX-14-Cu-i that was published 
in reference 1 was used for the parametrizations and simulations in this work. A non-
interpenetrated version of SIFSIX-14-Cu-i was used as the structural model for SIFSIX-
14-Cu. Simulations of N2 adsorption in both HUMs were performed using grand 
canonical Monte Carlo (GCMC) methods
5
 in a 3 × 1 × 1 supercell. A spherical cut-off 
distance of 9.23815 Å was used for the simulations; this value corresponds to half the 
shortest supercell dimension length. N2 was modeled using a rigid five-site electrostatic 
(nonpolarizable) potential that was developed previously.
6
 The parameters for this model 
are provided in Table S3.3.  
The total potential energy of the HUM–N2 system was calculated through the sum 
of the repulsion/dispersion and stationary electrostatic energies. These were calculated 
using the Lennard-Jones 12–6 potential
7
 and partial charges with Ewald summation,
8
 
respectively. For the former, the interactions between unlike species were governed by 
the Lorentz-Bertholet mixing rules.
9
 Note, the main goal for the modeling studies in this 
work was to obtain a saturated loading amount for N2 in SIFSIX-14-Cu and SIFSIX-14-
Cu-i. Therefore, we believe that utilizing nonpolarizable potentials for the HUMs and 
adsorbate were sufficient for this study, especially considering the dramatic increase in 
computational speed relative to simulations involving classical polarization. Nevertheless, 
we expect that simulations including explicit many-body polarization interactions
10
 will 
produce the same saturation structures that were obtained herein by the nonpolarizable 
force field. The chemical potential for N2 was determined through the Peng–Robinson 
equation of state.
11
 Simulations of N2 adsorption in both HUMs were carried out at 77 K 
and 1 atm with all HUM atoms held fixed at their crystallographic positions. All 
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simulations were performed using the Massively Parallel Monte Carlo (MPMC) code, an 
open-source code that is currently available for download on GitHub.
12
 
The Lennard-Jones 12–6 parameters (ε and σ) for all C, H, and N atoms were 
taken from the Optimized Potentials For Liquid Simulations – All Atom (OPLS-AA) 
force field,
13
 while such parameters for the F, Si, and Cu atoms were taken from the 
Universal Force Field (UFF).
14
 The crystal structure of SIFSIX-14-Cu-i contains 30 
atoms in chemically distinct environments (Figures S3.39). The partial charges for each 
unique atom in SIFSIX-14-Cu-i were determined through electronic structure 
calculations on different gas phase fragments that were selected from the crystal structure 
of the HUM. For these calculations, all C, H, N, F, and Si atoms were treated with the 6-
31G
* 
basis set, while the LANL2DZ ECP basis set
15
 was used for the Cu
2+
 ions. The 
NWChem ab initio software package
16
 was used to calculate the electrostatic potential 
surface for each fragment and the partial charges were subsequently fitted onto the atomic 
positions of the fragments using the CHELPG method.
17
 For each chemically distinct 
atom, the partial charges were averaged between the fragments. The partial charges were 
then adjusted so that the total charge of the system was equal to zero. The resulting partial 
charges for each chemically distinguishable atom in SIFSIX-14-Cu-i are provided in 
Table S3.4. Note, since the structural model used herein for SIFSIX-14-Cu was derived 
from the crystal structure of SIFSIX-14-Cu-i, simulations in the former employed the 
same partial charges for the unique atoms as its doubly interpenetrated polymorph. The 
modeled 3 × 1 × 1 supercells of SIFSIX-14-Cu and SIFSIX-14-Cu-i at N2 saturation are 





Table S3.3. Parameters for the five-site electrostatic potential for N2 that was used for the simulations in 
this work. r corresponds to the distance from the center-of-mass (COM) and OS refers to the phantom site 
associated with the model. 
Site r (Å) ε (K) σ (Å) q (e
–
) 
COM 0.000 17.60293 3.44522 +1.04742 
N 0.549 0.00000 0.00000 –0.52371 




Figure S3.39. The numbering of the chemically distinct atoms in SIFSIX-14-Cu and SIFSIX-14-Cu-i as 








Table S3.4. The partial charges (in e
−
) for the chemically distinct atoms in SIFSIX-14-Cu and SIFSIX-14-
Cu-i that were used for the simulations in this work. Label of atoms correspond to Figure S3.39. 
Atom Label q (e
–
) 
Cu 1 0.4159 
Si 2 1.7826 
F 3 –0.6255 
F 4 –0.6239 
F 5 –0.6152 
F 6 –0.6205 
F 7 –0.6215 
F 8 –0.6303 
N 9 –0.3417 
C 10 0.3161 
C 11 0.2413 
H 12 0.1639 
H 13 0.1701 
C 14 –0.4882 
C 15 –0.4257 
H 16 0.2112 
H 17 0.1734 
C 18 0.5777 
N 19 –0.2061 
N 20 –0.3100 
C 21 0.2736 
C 22 0.2088 
H 23 0.1693 
H 24 0.1771 
C 25 –0.4541 
C 26 –0.4153 
H 27 0.2029 
H 28 0.1643 
C 29 0.5579 










Figure S3.40. (a) a-axis view and (b) c-axis view of the modeled 3 × 1 × 1 supercell of SIFSIX-14-Cu at 
N2 saturation, which corresponds to 33 molecules per unit cell (or 28.71 mmol g
–1
). Atom colors: C = gray, 







Figure S3.41. (a) a-axis view and (b) c-axis view of the modeled 3 × 1 × 1 supercell of SIFSIX-14-Cu-i at 
N2 saturation, which corresponds to 16 molecules per unit cell (or 6.97 mmol g
–1
). Atom colors: C = gray, 
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Appendix D  
Supporting Information for Chapter 4: 
The Effect of Centred versus Offset Interpenetration on 





Materials and Methods 
All reagents and solvents were purchased from Sigma-Aldrich and used as 
received. 1,2-Bis(4-pyridyl)acetylene (ligand 2) and 1,2-bis(4-pyridyl)benzene (ligand 4) 
were synthesised following previously described Pd
0
-catalysed cross coupling protocols.
1
 
[Cu(TiF6)]∙xH2O was prepared as previously reported.
2
 SIFSIX-2-Cu-i and TIFSIX-2-
Cu-i were synthesised based on our previous report.
3 
Preparation of [Cu(1,4-Bis(4-pyridyl)benzene)2(TiF6)]n (TIFSIX-4-Cu-i). A 
blank layer of MeOH/ethylene glycol (2 mL; 1:1 v/v) was carefully layered over a 
solution of ammonium hexafluorotitanate (0.01 mmol) and copper nitrate trihydrate (0.01 
mmol) in 3 mL of water/ethylene glycol (1:2, v/v) mixture. Over this was layered a 
solution of ligand 4 in 2 mL of MeOH (5 mg, 0.02 mmol). Violet needles were obtained 
after two weeks.  
The sample was activated by heating at 70 °C in vacuo for 12 h for gas sorption 
measurements. 
 
Powder X-ray Diffraction (PXRD).  
Qualitative diffraction patterns were collected on a PANalytical Empyrean™ 
diffractometer mounted with a PIXcel
3D
 detector under Bragg-Brentano geometry in 
continuous scanning mode. An Empyrean Cu LFF (long fine-focus) HR (9430 033 
7310x) tube was used at 40 kV and 40 mA and CuKα radiation (λ = 1.540598 Å). 
Incident beam optics was composed of a 1/8° divergence slit and a 1/4° anti-scatter slit, a 
10 mm fixed incident beam mask and a Soller slit (0.04 rad). Divergent beam optics was 
composed of a P7.5 anti-scatter slit, a Soller slit (0.04 rad), and a Ni-β filter. 
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Single Crystal X-ray Diffraction (SXRD).  
X-ray diffraction data for as-synthesised TIFSIX-4-Cu-i was collected on a 
Bruker D8 Quest Diffractometer equipped with a microfocus Cu source and a Photon 
detector at 100(2) K under N2 flow. Data were corrected for absorption using empirical 
methods (SADABS) based upon symmetry-equivalent reflections combined with 
measurements at different azimuthal angles. Crystal structures were solved and refined 
against all F
2
 values using the SHELX suite of programs interfaced with X-SEED.
4
 All 
non-hydrogen atoms were refined anisotropically and hydrogen atoms placed in 
calculated positions refined using idealised geometries (riding model) and assigned fixed 
isotropic displacement parameters.  
 
Variable Temperature Powder X-ray Diffraction (VT-PXRD).  
The variable temperature PXRD (VT-PXRD) were collected on Philips X’Pert 
PRO MPD equipped with a Cu-Kα source (λ = 1.540598 Å) under N2 atmosphere 
between 25 °C and 200 °C.  
 
Synchrotron X-ray Powder Diffraction (PXRD).  
The structure model for the activated sample of TIFSIX-4-Cu-i (TIFSIX-4-Cu-i-
β) was obtained from the PXRD data collected at ambient pressure and 293 K on the 
beamline i11 at the Diamond Light Source
5
 (λ = 0.826041(10) Å and zero point = -
0.001217(3)) using a 2 s scan with positional scanning detectors. The diffraction peaks 
were indexed with DICVOL6.
6
 The unit cell space group was determined by statistical 
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analysis of the systematic absences. The intensities extraction was performed by Pawley 
refinement: Pawley Rexp 5.09%; χ
2
 96.47. Structure solutions by simulated annealing and 
rigid-body constrains using the CCDC DASH
7
 software. The initial conformation of the 
rigid-body model was derived from the single crystal data of as-synthesised TIFSIX-4-
Cu-i (TIFSIX-4-Cu-i-α). Rietveld refinement was performed on a structure model that 
excluded H atoms. Hydrogen atoms were placed in calculated positions and refined using 
idealised geometries (riding model). All atoms were assigned fixed isotropic 






Rietveld Refinment Summary (GSAS .lst file):  
Restraint data statistics: No restraints used 
Powder data statistics                Fitted         -Bknd          pFree                  Average 
              
Bank Ndata Sum(w*d**2)  wRp     Rp    wRp     Rp    wRp     Rp  Npfree  DWd  Integral 
Hstgm  1 PXC   1 24999 5.87172E+05 0.4016 0.3212 0.9158 0.3559 0.0000 0.0000     0   0.039   0.583 
Powder totals     24999 5.87172E+05 0.4016 0.3212 0.9158 0.3559 0.0000 0.0000     0   0.039 
 
No serial correlation in fit at 90% confidence for 1.962 < DWd < 2.038 
Cycle  24 There were  24999 observations. 
Total before-cycle CHI**2 (offset/sig) = 5.8717E+05 ( 2.5147E+03) 
Reduced CHI**2 =  23.50     for   10 variables                      
After matrix normalisation and Marquardt modification: 
 
    1 Columns of the    10 Column matrix are 0.0 
Full matrix recip. condition value & -log10 =   0.4112E-01      1.39 
         Variable    1HSCL was not refined 
  
The value of the determinant is  5.2642*10.0**(    -2) 
Calculated unit cell formula weight:     0.000, density:  0.000gm/cm**3 
 
Histogram scale factors: 
Histogram:    1  PXC                                                                                                         
Scale    :         1.00000                                                                                                        
Sigmas   :       0.00000                                                                                                        
Shift/esd:       0.00                                                                                                        
Histogram scale factor sum(shift/error)**2 :      0.00 
 
 Profile coefficients for histogram no.  1 and for phase no.  1: 
Coeff.   :     GU         GV         GW         LX         LY        trns       asym       shft        GP        stec 
Value    :  5.937E+02  3.263E+01  1.726E+00  1.001E+00  9.055E+00  0.000E+00  8.642E-02  
0.000E+00  0.000E+00  0.000E+00 
Sigmas   :                                              7.888E-01                                                        
Shift/esd:                                                   8.00                                                        
Coeff.   :    ptec       sfec       L11        L22        L33        L12        L13        L23  
Value    :  0.000E+00  0.000E+00  0.000E+00  0.000E+00  0.000E+00  0.000E+00  0.000E+00  
0.000E+00 
Sigmas   :                                                                                         
Shift/esd:                                                                                         
Profile coef. sum(shift/error)**2 :     64.08 
Background coefficients for histogram no.  1: 
Param.   :           1              2              3              4              5              6 
Coeff.   :   4.183231E+01  -2.271813E+01  -1.223235E+01   2.746579E+01  -1.906443E+01   
8.696457E+00 
Sigmas   :   2.122892E-01   2.878751E-01   2.586656E-01   2.551547E-01   2.482105E-01   2.460021E-
01 
Shift/esd:         -36.98         -26.40          22.07          29.94           0.87         -15.17 
Param.   :           7              8 
Coeff.   :   1.981249E-01   6.467021E+00 
Sigmas   :   2.504787E-01   2.490109E-01 
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Shift/esd:           1.77          12.01 
Background coef. sum(shift/error)**2 :   3826.30 
CPU times for matrix build     0.27 sec; matrix inversion     0.00 sec 
Final variable sum((shift/esd)**2) for cycle  24:    3890.37 Time:    0.27 sec 
 
 
Thermogravimetric Analysis (TGA).  
Thermogravimetric analyses were measured using a TA Q50 V20.13 Build 39 in 
High Resolution Dynamic mode with a sensitivity of 1.0, a resolution of 4.0, and a 
temperature ramp of 20 °C/min from ambient temperature up to 500 °C under a 60 
mL/min flow rate of N2 gas. Approximately 15 mg of sample were loaded onto platinum 
pans. 
 
Gas Sorption Measurements.  
Adsorption experiments (up to 1 bar) for different pure gases were performed on 
Micromeritics TriStar II PLUS and Micromeritics 3-Flex surface area and pore size 
analyser using ultra-high purity grade N2 (99.999%), C2H2 (99.99%), and C2H4 (99.99%) 
as-received from BOC gases. As-synthesised samples were activated by solvent-exchange 
using MeCN (SIFSIX-2-Cu-i and TIFSIX-2-Cu-i) or MeOH (TIFSIX-4-Cu-i) for up to 
7 d and subsequently degassed at rt under high vacuum (<0.5 mmHg) for 24-48 h on a 
Smart VacPrep instrument prior to the analysis. The 273 K and 298 K bath temperatures 
were controlled using a Julabo ME (v.2) recirculating control system filled with a mixture 
of ethylene glycol and water. Low temperatures of 77 K and 195 K were maintained in a 
4 L Dewar flask filled with liquid N2 and dry ice/acetone slurry, respectively. N2 
adsorption isotherms at 77 K were used to determine Brunauer-Emmett-Teller (BET) 
surface using Micromeritics Microactive software. Approximately 100-200 mg of 
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activated sample was used for all adsorption measurements. Low pressure C2H2 and C2H4 
measurements were performed on the Micromeritics 3 Flex surface area and pore size 
analyser at 273 K, 283 K, and 298 K. (Figures S8-S13, S19-S20). 
 
Dynamic Mixed Gas Breakthrough Studies.  
In a typical experiment, ca. 250 mg of finely ground activated sample was placed 
in a quartz tube (Ø = 8 mm) to form a fixed-bed held in place using quartz wool. Each 
sample was heated to 60 °C under a dry helium flow to remove atmospheric 
contaminants. Upon cooling, a C2H2/C2H4 mixture (1/99, v/v) was passed over the packed 
bed with a total flow rate of 10 cm
3
/min at 298 K. The outlet gas concentration was 
continuously monitored using a Hiden HPR-20 QIC evolved gas analysis mass 
spectrometer (EGA-MS). 
Upon complete breakthrough and saturation of the packed bed adsorbent, the 
mixed gas inflow is switched off and samples regenerated by purging dry helium 
followed by heating to 60 °C. Upon cooling of sample to 298 K, C2H2/C2H4 mixture 
(1/99, v/v) was again introduced for the next cycle of breakthrough. 
 
Accelerated Stability Protocol.  
Approved as a unified testing condition by International Conference of 
Harmonization (ICH), the accelerated stability protocol takes into account all possible 
storage conditions from different regions around the globe and consists of long-term, 
intermediate and accelerated storage conditions valid for the USA, EU and Japan. 
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Verified by Arrhenius equation, accelerated stability conditions mimic an acceleration of 
the storage at ambient conditions, and accelerated stability testing for 6 months is 
equivalent to two years of long-term storage conditions. In an archetypal experiment, 
pristine activated sample of the adsorbent was subjected to elevated relative humidity and 
temperature. To achieve 75% relative humidity at 40 °C, saturated aq. NaCl solution is 
placed in a desiccator stored at 40 °C. Samples were placed in a separate, open glass vials 
and placed in this desiccator. Aliquots were removed for analysis (PXRD, TGA and gas 
adsorption) after 1, 7 and 14 d.  
 
Powder X-ray Diffraction Data 
 
Figure S4.4. Powder X-ray diffractograms of TIFSIX-4-Cu-i under various conditions. As-synthesised 
TIFSIX-4-Cu-i calculated (black), TIFSIX-4-Cu-i-α experimental (red), TIFSIX-4-Cu-i-β calculated 
(green), activated TIFSIX-4-Cu-i (blue), TIFSIX-4-Cu-i soaked in methanol (purple). 
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Single Crystal X-ray Diffraction Data 
Table S4.1. Crystallographic data for as-synthesised TIFSIX-4-Cu-i (TIFSIX-4-Cu-i-α).  
 TIFSIX-4-Cu-i-α 
Molecular formula C18H20N2O2CuTiF6 
Formula weight 521.77 
Temperature (K) 100(2) 
Wavelength (Å) 1.54178 
Crystal system monoclinic 
Space group C2/c (no. 15) 
a (Å) 17.6291(8) 
b (Å) 15.4159(7) 
c (Å) 16.1386(7) 
α (°) 90 
β (°) 119.600(2) 
















Final R indices [I>2σ(I)] 0.1045 (wR2 = 0.2968) 




Crystal Structure Description 





 ions each, three F atoms, two crystallographically independent molecules of 4 each 
with 0.5 occupancy, and two molecules of MeOH comprising the asymmetric unit (Table 
S2). The hexacoordinated Cu
2+
 center serves as an octahedral 6-c node; four pyridyl 
groups of 4 coordinate equatorially to form a square lattice (sql) network. The Cu
2+
 nodes 
coordinate axially to F atoms from TiF6
2-
 anions pillaring the sql nets into the observed 
primitive cubic (pcu) network. Notably, the inorganic pillars, unlike in all of the 
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previously reported MFSIX structures, are found to be bent (Ti-F-Cu = 160.2°), Figure 
S1d. 2-Fold centred interpenetration is observed such that the central benzene rings of 4 
interact closely via π-π stacking (ca. 3.62 Å). The torsion angles of pyridyl rings with 
respect to central benzene ring are found to be 57.9 and 41.4°. The mean values of the 
torsion angles reported for 4 in Cambridge Structural Database (CSD)
9,10 
are 27.8° and 
28.6°. Slight increase in the torsion angle is presumably to facilitate better π-π stacking 
interaction between the two interpenetrated networks. Two MeOH molecules are located 
in the 1D channels and are found to be H-bonded to the equatorial F atoms of the TiF6
2-
 
moiety (dO‒H···F = 2.23 Å, DO···F = 2.95 Å, O‒H···F = 144.0°). The purity of as-synthesised 
and activated bulk samples was validated by powder X-ray diffraction (PXRD; Figure 
S1). Thermogravimetric analysis (TGA) reveals that solvent molecules are lost well 
before the disintegration of network (ca. 250-270 °C). PXRD data collected before and 
after desolvation at 60 °C suggest a phase transformation (Figure S1). Synchrotron PXRD 
data collected under vacuum on a desolvated sample of TIFSIX-4-Cu-i-α, i.e. TIFSIX-4-
Cu-i-β, revealed a change in space group (from C2/c to Cmcm) and mode of 
interpenetration (from centred to offset), Figure S2. The two interpenetrated networks in 
TIFSIX-4-Cu-i-β are offset leading to formation of three distinct pores (Figure S2e). The 
inorganic pillars in TIFSIX-4-Cu-i-β are found to be linear, Figure S2h. Figure S3 shows 
the statistical distribution of π-π stacking distances between aryl rings for the structures 
reported in the CSD. The distance between the linkers 4 belonging to the two 
interpenetrated networks in activated TIFSIX-4-Cu-i are 3.864(1) Å indicating presence 
of π-π stacking interactions between the two interpenetrated networks. VT-PXRD 
revealed the phase transformation to be associated with the loss of MeOH (Figure S4). 





Figure S4.2. Comparison of the crystal structures of as-synthesised TIFSIX-4-Cu-i-α and desolvated 
TIFSIX-4-Cu-i-β: (a,e) Crystal packing diagrams depicting centred and offset 2-fold interpenetration in 
TIFSIX-4-Cu-i-α and TIFSIX-4-Cu-i-β, respectively. One of the pcu nets is shown in green. (b,f) 2D 
sheets are formed by the coordination of Cu
2+
 ions to four molecules of ligand 4. (c,g) TiF6
2-
 inorganic 
pillars cross-link that the 2D layers into 3D network with pcu topology. (d) The inorganic pillars exhibit a 
tilted orientation with the equatorial fluorine atoms H-bonded to MeOH molecules, which occupy the void 





Figure S4.3. Histogram showing the statistical distribution of π-π stacking distances (Å) between aryl rings. 






Variable-Temperature Powder X-ray Diffraction Data 
 
Figure S4.4. In-situ variable-temperature PXRD (VT-PXRD) of TIFSIX-4-Cu-i under N2 atmosphere. 
 
  





























































Synchrotron X-ray Powder Diffraction 
 
 
Figure S4.5. Difference plot of Pawley (top) and Rietveld refinement fitting of synchrotron X-ray powder 




Table S4.2. Crystallographic data for synchrotron powder X-ray diffraction refinement of activated 
TIFSIX-4-Cu-i (TIFSIX-4-Cu-i-β) and laboratory X-ray diffraction refinement of TIFSIX-14-Cu-i. 
Compound TIFSIX-4-Cu-i-β 
Formula C32H24CuF6N4Ti 
Bravais lattice Orthorhombic 
Space group C mcm 
Unit cell parameters 
a = 22.924(28) Å α = 90
o
 
b = 20.536(21) Å β = 90
o
 












Figure S4.6. Variable temperature and pressure synchrotron X-ray powder diffraction data for TIFSIX-4-




Thermogravimetric Analysis Data 




























Low-Pressure Gas Adsorption Data 




























































































































Calculated pore volume = 0.276 cm
3
/g





@77 K TIFSIX-4-Cu-i 
Pressure (kPa)
 
Figure S4.10. N2 sorption data (solid symbols: adsorption; empty symbols: desorption) of TIFSIX-4-Cu-i 










































 273K C2H2 TIFSIX-2-Cu-i
 298K C2H2 TIFSIX-2-Cu-i
 273K C2H4 TIFSIX-2-Cu-i































 C2H2@273 K TIFSIX-4-Cu-i
 C2H2@298 K TIFSIX-4-Cu-i
 C2H4@273 K TIFSIX-4-Cu-i


























Figure S4.13. C2H4 and C2H2 sorption data (solid symbols: adsorption; empty symbols: desorption) of 




Dynamic Gas Breakthrough Measurement Data  
 
















Accelerated Stability Data 




















14 d @ 75% RH/40 
o
C (exp.)
7 d @ 75% RH/40 
o
C (exp.)






Figure S4.17. PXRD patterns of TIFSIX-2-Cu-i after accelerated stability testing. 
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14 d @ 75% RH/40 
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C (exp.)
7 d @ 75% RH/40 
o
C (exp.)











Figure S4.19. 77 K N2 sorption data of TIFSIX-2-Cu-i after accelerated stability testing. 
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Pristine                  542 m
2
/g
Stability_1 d         531 m
2
/g
Stability_7 d         545 m
2
/g
























Pressure (mmHg)  





Calculations of Isosteric Enthalpies of Adsorption 
 


















A virial-type expression of the above form was used to fit the combined isotherm 
data for all these four compounds at 273 and 298 K, where P is the pressure described in 
Pa, N is the adsorbed amount in mmol/g, T is the temperature in K, ai and bi are virial 
coefficients, and m and n are the number of coefficients used to describe the isotherms. 














 Fitting for 273K SIFSIX-2-Cu-i
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 Fitting for 273K TIFSIX-2-Cu-i












-- T 273 0
-- a0 -5575.61564 24.64432
-- a1 102.49683 8.23446
-- a2 101.56106 3.90145
-- a3 -7.78181 0.52827
-- b0 23.53683 0.08309
T 298 0
 























 Fitting for 273K TIFSIX-2-Cu-i
 Fitting for 298K TIFSIX-2-Cu-i




E T 273 0
E a0 -4320.77122 99.48666
E a1 232.01342 31.54905
E a2 -59.35559 24.96298
E a3 15.28707 5.10887
E b0 23.54466 0.34453
G T 298 0
 



















 Fitting for 273K TIFSIX-4-Cu-i












A T 273 0
A a0 -4904.28309 41.08318
A a1 177.08291 28.14606
A a2 -28.85654 21.16692
A a3 19.33497 4.61077
A b0 23.92659 0.14111
C T 298 0
 






















 Fitting for 273K TIFSIX-4-Cu-i
 Fitting for 298K TIFSIX-4-Cu-i
n (mmol/g)




A T 273 0
A a0 -3535.2528 43.05696
A a1 -324.4933 50.84156
A a2 246.6341 17.56758
A a3 -45.10633 5.99554
A b0 21.44116 0.14942
A b1 1.19357 0.1731
C T 298 0
 































Figure S4.27. Isosteric heats of adsorption (Qst) for C2H2 in SIFSIX-2-Cu-i, TIFSIX-2-Cu-i, TIFSIX-4-
Cu-i. 
 
Calculation of IAST Selectivities 
The C2H2/C2H4 selectivities for the adsorbate mixture composition of interest 
(1:99) in TIFSIX-2-Cu-i and TIFSIX-4-Cu-i were predicted from the single-component 
adsorption isotherms using Ideal Adsorbed Solution Theory (IAST),
11
 as employed in 
IAST++.
12
 First, the single-component isotherms for the adsorbates at 298 K were fitted 




























In this equation, n is the amount adsorbed per mass of material (in mmol g
–1
), P is 
the total pressure (in kPa) of the bulk gas at equilibrium with the adsorbed phase, nm1 and 
nm2 are the saturation uptakes (in in mmol g
–1
) for sites 1 and 2, b1 and b2 are the affinity 
coefficients (in kPa
–1
) for sites 1 and 2, and t1 and t2 represent the deviations from the 
ideal homogeneous surface (unitless) for sites 1 and 2. The parameters that were obtained 
from the fitting for TIFSIX-2-Cu-i and TIFSIX-4-Cu-i are found in Tables S2-S4, 
respectively. All isotherms were fitted with R
2 
> 0.999. Next, the spreading pressure for 




















In the above equations, A represents the specific surface area (assumed to be the 
same for all adsorbates), R is the ideal gas constant, T is the temperature, and 
P°i(π) and P°j(π) are the equilibrium gas phase pressures corresponding to the 
solution temperature and solution spreading pressure for the adsorption of pure 
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components i and j, respectively. Further, the following equations hold true for a 
two-component mixture according to IAST: 
 











𝑥𝑖 + 𝑥𝑗 = 1 
𝑦𝑖 + 𝑦𝑗 = 1 
Here, xi and xj are the mole fractions of components i and j, respectively, in the 
adsorbed phase, and yi and yj are the mole fractions of components i and j, respectively, in 
the gas phase. The previous seven equations are seven independent equations with nine 
unknowns. In order to solve for all of the unknowns, two quantities must be specified, 
particularly P and yi. Utilisation of the aforementioned equations yields the following 

















The above equation was solved for xi using numerical analysis
3 
for a range of 
pressures at a specified yi value. Finally, the selectivity for adsorbate i relative to 










Table S4.3. The fitted parameters for the dual-site Langmuir-Freundlich equation for the single-component 
isotherms of C2H2 and C2H4 in SIFSIX-2-Cu-i at 298 K. The R
2
 value is also provided. 
SIFSIX-2-Cu-i C2H2 C2H4 
q1 1.839770 3.211270 
n2 0.636193 6.264300 
k1 1.954210 0.018892 
k2 0.038124 0.540229 
n1 0.915876 0.944601 
q2 2.824110 0.000000 




Table S4.4. The fitted parameters for the dual-site Langmuir-Freundlich equation for the single-component 
isotherms of C2H2 and C2H4 in TIFSIX-2-Cu-i at 298 K. The R
2




q1 1.969370 3.410300 
n2 0.650795 6.707000 
k1 2.949600 0.024563 
k2 0.044395 0.011037 
n1 0.901259 0.943404 
q2 2.868060 0.079916 








Table S4.5. The fitted parameters for the dual-site Langmuir-Freundlich equation for the single-component 
isotherms of C2H2 and C2H4 in TIFSIX-4-Cu-i at 298 K. The R
2
 value is also provided. 
TIFSIX-4-Cu-i C2H2 C2H4 
q1 2.794214 1.919930 
n2 0.199000 2.092760 
k1 1.044462 0.035741 
k2 0.268247 1.755400 
n1 0.000000 0.968315 
q2 2.531765 0.000000 




Figure S4.28. IAST selectivity’s for 1/99 C2H2/C2H4 gas mixtures for SIFSIX-2-Cu-i, TIFSIX-2-Cu-i, 
TIFSIX-4-Cu-i at 298 K. 
 
 



































The point partial charges for the chemically distinct atoms in SIFSIX-2-Cu-i and 
TIFSIX-2-Cu-i (Figure S4.29) were determined through electronic structure calculations 
on different representational fragments that were selected from the crystal structure of the 
respective HUMs as implemented previously.
3(c),13
 The resulting partial charges for each 
unique atom in both HUMs are shown in Table S4.6. 
 
 
Figure S4.29. The numbering of the chemically distinct atoms in SIFSIX-2-Cu-i and TIFSIX-2-Cu-i as 






Table S4.6. Calculated partial charges (in e
–
) for the chemically distinct atoms in SIFSIX-2-Cu-i and 
TIFSIX-2-Cu-i. Label of atoms correspond to Figure S4.29. The yellow highlight indicates the atom that 
will have the most interactions with the adsorbate. 
Atom Label SIFSIX-2-Cu-i TIFSIX-2-Cu-i 
Cu 1 0.2893 0.9609 
Si/Ti 2 1.5887 1.7253 
N 3 –0.0572 –0.2953 
F 4 –0.5342 –0.4561 
F 5 –0.5627 –0.6309 
C 6 0.1451 0.1636 
H 7 0.1580 0.1604 
C 8 –0.3209 –0.3876 
H 9 0.1781 0.1876 
C 10 0.2539 0.3647 
C 11 –0.1570 –0.1300 
 
      
                                            (a)                                                                 (b) 
Figure S4.30. (a) Orthographic c-axis view of the 1 × 1 × 3 supercell of TIFSIX-4-Cu-i showing C2H2 
molecules adsorbed within the channels of the HUM according to molecular simulations. (b) Perspective 
a/b-axis view of a portion of the crystal structure of M′FSIX-2-Cu-i (M′ = Si, Ti) showing C2H2 molecules 
localized within the channels of the HUM according to molecular simulations. C(HUM) = light gray, 
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Appendix E  
Supporting Information for Chapter 5: 
Finding the Optimal Balance between Pore Size and 




Materials and Methods 
All materials were purchased from commercial sources and used as received. 
Copper hexafluorotitanate was  synthesised following previously reported methods.
1
 
TIFSIX-14-Cu-i. Copper hexafluorosilicate (67.6 mg) and 1,2-bis(4-
pyridyl)diazene (110.4 mg) were combined in 15 ml of dry MeOH and heated in a 
Schott® bottle for 1 h at 120 °C. The saffron coloured sample was cooled and a 
repeatedly washed with fresh dry MeOH until the eluent ran clear, affording pristine 
TIFSIX-14-Cu-i, [Cu(1,2-bis(4-pyridyl)diazene)2(TiF6)]n. Room temperature dynamic 
vacuum degassing on a SmartVacPrep™ overnight afforded the activated sample. 
  NbOFFIVE-2-Cu-i. Copper oxypentafluoroniobate (0.780 g, 2 mmol) and 1,2-
bis(4-pyridyl)acetylene (0.720 g, 4 mmol) were placed into a 10 mL steel jar with two 10 
mm steel grinding balls. 5 drops of methanol (ca. 0.2 ml) was added to the mixture and 
was then ground for 60 min at 25 Hz in a Retsch MM400 laboratory ball mill to form a 
polycrystalline NbOFFIVE-2-Cu-i (olive colour powder). The sample was washed with 
acetonitrile and activation of NbOFFIVE-2-Cu-i was achieved by degassing the sample 
on a SmartVacPrep™ using dynamic vacuum and heating for 16 h (sample heated from 
RT to 80 °C with a ramp rate of 10 °C/min). 
 
CSD Survey 
The average bond lengths observed for Si-F, Ti-F, Nb-F, and Nb=O in 
hexafluorosilicate, hexafluorotitanate, and oxypentafluoroniobate molecules were 
calculated from a survey of the Cambridge Structural Database using Mogul® 1.7.3 and 





Npyridyl) were calculated from hits found by searching 
distance parameters in ConQuest® 1.2.
2
   
 
 









Powder X-ray Diffraction  
Powder X-ray diffraction experiments were carried out on a Proto AXRD® 
benchtop powder X-ray diffractometer in Bragg-Brentano θ -2 θ mode equipped with a 
1500 W Cu Kα fine focus X-ray source (λ = 1.540593) and a DECTRIS® hybrid pixel 
detector (radius = 142 mm). Data collection was in the range 4° ≤ 2θ ≤ 40° in steps of 




Figure S5.2. Powder X-ray diffraction pattern of TIFSIX-14-Cu-i compared with the calculated diffraction 







Figure S5.3. Powder X-ray diffraction pattern of NbOFFIVE-2-Cu-i compared with the calculated 





Thermogravimetric analysis experiments were carried out on a TA instruments 
Q50® thermal analyser. Approximately 10 mg of sample was loaded and then heated 








Gas Sorption Measurements 
Gas sorption measurements were carried out between 0 – 1 bar on a Micromeritics 
TriStar II PLUS (77 K N2, 195 K CO2) and a Micromeritics 3-Flex (C2H2 and C2H4) 
porosimeter. Samples were degassed at room temperature overnight on a 
SmartVacPrep™ degassing station.  Temperature on the Tristar II Plus porosimeter was 
controlled with a liquid N2-filled 4 L dewar flask (77 K) or dry ice-acetone mixture in a 4 
L dewar flask (195 K). An ethylene glycol/water mixture in a recirculating control system 
(Julabo ME v.2) was used to control temperature on the 3-Flex porosimeter. 
 
 




Figure S5.6. 195 K CO2 sorption isotherm for TIFSIX-14-Cu-i. 
 
 




Figure S5.8. 298 K C2H2 sorption isotherm for TIFSIX-14-Cu-i. 
 
 




Figure S5.10. 298 K C2H4 sorption isotherm for TIFSIX-14-Cu-i. 
 
 




Figure S5.12. 195 K CO2 sorption isotherm for NbOFFIVE-2-Cu-i. 
 
 




Figure S5.14. 298 K C2H2 sorption isotherm for NbOFFIVE-2-Cu-i. 
 
 




Figure S5.16. 298 K C2H4 sorption isotherm for NbOFFIVE-2-Cu-i.  
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Dynamic Breakthrough Measurements 
Samples were activated and loaded into a quartz tube (Ø = 8 mm) to form a fixed 
bed fitted on either end with quartz wool. Samples were kept under a flow of dry He to 
ensure the removal of atmospheric contaminants. A 10 ml/min 1:99 v/v C2H2/C2H4 gas 
mixture was passed through the fixed bed and the outlet gas concentrations was 




Figure S5.17. 298 K 1:99 (v/v) C2H2/C2H4 (closed/open circle, respectively) dynamic breakthrough 




Figure S5.18. 298 K 1:99 (v/v) C2H2/C2H4 (closed/open circle, respectively) dynamic breakthrough 







Figure S5.19. 298 K 1:99 (v/v) C2H2/C2H4 (closed/open circle, respectively) dynamic breakthrough 







Figure S5.20. 298 K 1:99 (v/v) C2H2/C2H4 (closed/open circle, respectively) dynamic breakthrough 







Figure S5.21. 298 K 1:99 (v/v) C2H2/C2H4 (closed/open circle, respectively) dynamic breakthrough 




Ideal Adsorbed Solution Theory 
Selectivity of C2H2/C2H4 in a 1:99 gas mixture (0.1 < P < 101.1 kPa) was 
calculated for TIFSIX-14-Cu-i and NbOFFIVE-2-Cu-i using ideal adsorbed solution 
theory (IAST),
3
 as implemented in a modified version of pyIAST.
 
298 K C2H2 adsorption 
isotherms were fitted with the dual-site Langmuir model (eq. 1), whereas 298 K C2H4 
adsorption isotherms were fitted with a quadratic model (eq. 2). Fitting parameters are 
noted in Table 1. 
𝑛𝑖






                                          (𝑒𝑞. 1) 
Where Mi is the number adsorption sites of type i and Ki are the Langmuir constants. 
𝑛𝑖
°(𝑃) =  𝑀
(𝐾𝐴  +  2𝐾𝐵𝑃)𝑃
1 + 𝐾𝐴𝑃 +  𝐾𝐵𝑃2
                                                        (𝑒𝑞. 2) 
Where 2M is the saturation loading and KA (kPa
-1
) and KB (kPa
-2
) are constants. 
 
Table S5.1. Isotherm fitting data used in IAST Selectivity Calculations. 
 TIFSIX-14-Cu-i 
C2H2 298 K 
NbOFFIVE-2-Cu-i 
C2H2 298 K 
 TIFSIX-14-Cu-i 
C2H4 298 K 
NbOFFIVE-2-Cu-i 
C2H4 298 K 
 Dual-Site Langmuir  Quadratic 
M1 1.785593 1.817012 M 1.052637 1.4211972 
K1 0.043142 0.021556 KA 0.007356 0.030122 
M2 2.275578 2.504125 KB 0.000238 0.000854 
K2 2.460621 0.884071 RMSE 0.0113703476284 0.0356412110573 





Figure S5.22. TIFSIX-14-Cu-i C2H2/C2H4 selectivity from a 1/99 (v/v) mixture as calculated from IAST. 
 
 





Aliquots of TIFSIX-14-Cu-i and NbOFFIVE-2-Cu-i were placed on filter paper 
and left on the bench, exposed to ambient temperature, pressure, and humidity. After 24 h 
of exposure, the sample was removed and studied by powder X-ray diffraction. By 
comparison with calculated diffractograms derived from previously reported structures, it 
was confirmed that the sample was converted to the sql-c* network topology. 
 
 





Figure S5.25. Powder X-ray diffraction pattern comparison of NbOFFIVE-2-Cu-i after exposure to air for 
24 hours.  
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Isosteric Enthalpies of Adsorption 
273 K and 298 K isotherm adsorption data was used to form a viral-type equation: 











𝑖                                                      (𝑒𝑞. 3) 
Where P is pressure (Pa), N is quantity adsorbed (mmol/g), T is temperature (K), ai and bi 
are virial coefficients, and m and n are the number of coefficients used to describe the 
isotherms. Thus, Qst is the coverage-dependent enthalpy of adsorption. R is the universal 
gas constant: 




                                                        (𝑒𝑞. 4) 









 Virial fitting of 273K C2H2 










































 Virial fitting of 273K C2H4 
 Virial fitting of 298K C2H4 


















Figure S5.28. Isosteric enthalpies of adsorption for TIFSIX-14-Cu-i. 
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Materials and Methods 
Synthesis of Compounds. All reagents were purchased from commercial sources 







 were synthesized and activated according to 
literature methods. 
Bulk Powder Synthesis of SIFSIX-14-Cu-i. In a 250 ml Schott Duran® bottle, 
copper (II) hexafluorosilicate (61.8 mg, 0.3 mmol) and 4,4'-azopyridine (110.4 mg, 0.6 
mmol) were immersed in 15 ml of methanol. The loosely capped bottle was placed in a 
laboratory oven at 120 °C for one hour forming a brown microcrystalline powder. 
(CAUTION! Do not seal bottle tightly as the evaporating methanol could pressurize the 
bottle leading to the glass breaking). Upon removal from the oven, the reaction vessel was 
allowed to stand and cool to ambient temperature. 15 ml of methanol was added and the 
precipitate collected with a Pasteur pipette. Microcrystalline SIFSIX-14-Cu-i was 
continuously washed with dried methanol until the solvent ran clear. The material was 
submerged in a scintillation vial of dried methanol. In our hands, the material remains 
stable in this condition.   
Single Crystal Synthesis of SIFSIX-14-Cu-i and the sql-c* form of SIFSIX-
14-Cu-i. Single crystals of SIFSIX-14-Cu-i and SIFSIX-14-Cu-i_sql-c* grew 
concomitantly from slow diffusion through solvent layers. A 7.5 ml ethylene glycol 
solution of copper (II) hexafluorosilicate (17.8 mg) was placed in a 20 ml test tube. A 3 
ml deionized water buffer was added, on top of which a 7.5 ml methanol solution of 4,4'-
azopyridine (31.8 mg) was layered. The test tube was sealed with parafilm and crystals 
were obtained after one week. 
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Supplementary figures detailing the structures of the compounds studied can be 
found in Figures S6.3-S6.15. 
 
Structural Studies of Hybrid Pillared Square Grid Materials 
Single Crystal X-ray Diffraction. Crystallographic data for single crystal X-ray 
diffraction is summarized in Table S6.1. Single crystals of SIFSIX-14-Cu-i and SIFSIX-
14-Cu-i_sql-c* were mounted on a nylon loop and diffraction data were collected at low 
temperatures under an Oxford cryostream system on a Bruker D8 diffractometer with IμS 
microfocus Cu anode. Data was indexed, integrated and scaled in APEX3. Absorption 
correction was applied using the multi-scan method. Spacegroup was determined using 
XPREP as applied in APEX3 and solved using shelx.
4





 using Shelxl. The unit cell of SIFSIX-14-Cu-i was found to contain sixteen 
methanol molecules which due to difficult disorder were treated as a diffuse contribution 
to the overall scattering without specific atom positions by SQUEEZE/PLATON.
6
 
Synchrotron X-ray Powder Diffraction. Powder diffraction data used for 
structure solution of SIFSIX-14-Cu-i under vacuum was obtained from beamline i11 at 
the Diamond Light Source (λ = 0.82620(6) and zero point = -0.0367(1)).
7
 Due to the high 
energy X-rays, a two second scan using a positional scanning detector was used to collect 
the powder sample sealed under vacuum in a 0.6 mm capillary tube. Analysis of the 
powder data was carried out in GSAS-II;
8
 lattice parameters were determined and 
structure factors obtained using the Pawley method.  The Monte Carlo/simulated 
annealing method was used for structure solution using free moving rigid bodies obtained 
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 = 4,4'-azopyridine, 
DIBQUB
11
 = hexafluorosilicate)(Figure S6.1 and Table S6.2). 
Laboratory X-ray Powder Diffraction. Laboratory X-ray powder diffraction 
experiments were conducted using microcrystalline samples on a Panalytical Empyrean 
diffractometer (40 kV, 40 mA, CuKα1,2 (λ = 1.5418 Å)) in Bragg-Brentano geometry. A 
scan speed of 0.5 s/step (6°/min), with a step size of 0.05° in 2θ was used at room 
temperature with a range of 4 < 2θ < 40 (Figure S6.16-S6.19). 
 
Discussion on the Structure of the Precursor to SIFSIX-3-Ni. Powder X-ray 
diffraction of the precursor of SIFSIX-3-Ni was fitted and its unit cell parameters were 
determined using DICVOL as implemented in HighScore Plus®. This diffractogram and 
synthetic method indicate that the precursor structure of SIFSIX-3-Ni is similar to that of 
CSD Refcode: NATYAK, but with water molecules forming aqua complexes with the 
metal nodes (Figure S6.18). The peak at ca. 18° in 2θ for NATYAK corresponds to the 
planes 200 and 111. That this peak is split in the experimental diffractogram of the sql 
phase of SIFSIX-3-Ni, as well as the symmetry settings being determined as 
orthorhombic Pbnn (Figure S6.2 and Table S6.3), indicate the precursor structure may be 
composed of Cu(pyrazine)2(H2O)(SiF6) square grids stacking in an …ABAB… setting. 
Thermogravimetric analysis indicates that approximately four to five water molecules 
could be present in this structure (Figure S6.24). 
 
Powder X-ray Diffraction to Study Bulk Crystallinity of SIFSIX-2-Cu-i 
during Accelerated Stability Studies. To ensure bulk crystallinity of SIFSIX-2-Cu-i 
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during the accelerated stability studies, powder X-ray diffractograms of pristine samples 
as well as samples taken after 1, 7, and 14 days of the testing period were refined against 
the calculated structure in HighScore Plus® and are summarized in Table S6.3. Although 
hardware effects will influence the data, all diffractograms were found to be very similar 
with a slight increase in FWHM over the testing period. As 77 K N2 isotherms remain 
very similar over the same testing period (Figure S6.27), we suggest the slight peak 




Thermogravimetric Analysis. Thermogravimetric analysis of all compounds and 
their phase transformation product were carried out under an N2 atmosphere in a TA 
instruments Q50 thermal analyzer. Approximately 10 mg of sample was heated between 
room temperature and 350 °C and the weight change was recorded (Figure S6.20-S6.26). 
Accelerated Stability Studies. As part of the accelerated stability studies of 
SIFSIX-2-Cu-i, 77 K N2 isotherms were collected for the pristine sample and again after 
1, 7, and 14 days exposure to elevated temperature and humidity. Samples were collected 
from the stability chamber and were activated and isotherms collected following 
previously reported methods.
2,12
 Likewise, SIFSIX-3-Ni was exposed to the same testing 
criteria. Upon removal from the testing chamber the sample was determined by powder 
X-ray diffraction to have undergone a phase transformation to the precursor to SIFSIX-3-
Ni. The sample was heated to 100 
o
C under vacuum, regenerating the material. 293 K 
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CO2 isotherms were collected for the pristine sample of SIFSIX-3-Ni as well as after 1, 7, 
and 14 days exposure to elevated temperature and humidity. 
Recyclability Studies. To study the efficiency with which the porous pcu network 
of SIFSIX-3-Ni could be regenerated, a recyclability protocol was devised wherein the 
gas and vapor adsorption of the material could be evaluated. A sample of SIFSIX-3-Ni 
was synthesized, activated and its 298 K CO2 adsorption and water vapor sorption were 
measured. The pcu network of SIFSIX-3-Ni was exposed to 40 °C, 75% RH for 24 h 
resulting in its phase transformation to the sql network. This sample was then heated at 80 
°C under vacuum for 16 h. regenerating the pcu network. The transformation from pcu 
network to sql network and then back to pcu network was regarded as 1 cycle of the 
recyclability protocol. A 298 K CO2 isotherm was collected after the first cycle and the 
protocol was repeated 10 times. After 10 cycles, another 298 K CO2 isotherm was 
collected as well as vacuum dynamic vapor sorption measurements both of which 
coincide with data collected on the original activated sample. 
Low Pressure Gas Adsorption Studies. Gas adsorption experiments were 
conducted in order to determine the stability and recyclability of SIFSIX-2-Cu-i and 
SIFSIX-3-Ni, respectively. Low pressure gas adsorption experiments (up to 1 bar) on a 
Micromeritics TriStar II PLUS (77 K N2) and a Micromeritics 3-Flex (298 K CO2) 
surface area and pore size analysers. Samples of SIFSIX-2-Cu-i and SIFSIX-3-Ni were 
activated following previously described methods and degassed using a Smart VacPrep 
instrument prior to the analysis. Room temperature experiments were controlled using a 
Julabo ME (v.2) recirculating control system filled with a mixture of ethylene glycol and 




Vacuum Dynamic Vapor Sorption. Dynamic vapor sorption measurements were 
conducted using a Surface Measurement Systems DVS Vacuum at 298 K (Scheme S6.1). 
Activated and degassed samples were further degassed under high vacuum (2x10
-6
 Torr) 
in-situ and stepped increases in relative humidity were controlled by equilibrated weight 
changes of the sample (dM/dT = 0.006 %/min) from 0 to 90% relative humidity. Vacuum 
pressure transducers were used with ability to measure from 1x10
-6
 to 760 Torr with a 
resolution of 0.01%. Approximately 20 mg of sample was used for each experiment. The 
mass of the sample was determined by comparison to an empty reference pan and 





Vacuum Dynamic Vapor Sorption Instrument Schematic 
 
  
Scheme S6.1. Schematic diagram of the vacuum dynamic vapor sorption instrument used in this study. The 
manifold is brought to vacuum and relative humidity is increased through controlled in-flow of water from 
a reservoir. The mass increase of the sample is calibrated with a reference pan. The entire system is kept 
within an incubator to maintain a constant temperature. 
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Single Crystal X-ray Diffraction Data 
 
Table S6.2. Crystallographic data for SIFSIX-14-Cu-i and sql-c* form of SIFSIX-14-Cu-i, as refined by 
single crystal X-ray diffraction. 
Compound SIFSIX-14-Cu-i SIFSIX-14-Cu-i_sql-c* 
Empirical formula C20 H16 Cu F6 N8 Si C20 H22 Cu F6 N8 O3 Si 
Formula weight 574.02 628.04 
Temperature 140 (2) K 150 (2) K 
Wavelength 1.54178 1.54178 
Crystal system, space group Monoclinic, C 2/m Tetragonal, P 4/ncc 
Unit cell dimensions a = 8.5932 (5) Å a = 10.8914 (9) Å 
 b = 18.5060 (9) Å b = 10.8914 (9) Å 
 c = 19.4763 (9) Å c = 20.9174 (17) Å 
 β = 90.046 (3)
 o
 β = 90
o
 
Volume  2938.2 (3) Å
3
 2481.3 (5) Å
3
 
Calculated density 1.293 g cm
-3
 1.665 g cm
-3
 
Theta range 2.391 to 72.490
o
 5.745 to 66.716
o
 
Limiting indices (h, k, l) (-10/10, -22/22, -22/22) (-12/12, -12/12, 12/-24) 
Reflections collect/unique 31229/3010 (Rint = 0.1208) 13318/1104 (Rint = 0.1067) 
Completeness 99.9% 99.8% 
Max. and min. transmission 0.6294 and 0.7536 0.6313 and 0.7528 
Data/ restraints/ parameters 3010/ 0/ 191 1103/ 0/ 93 
Goodness-of-fit 1.181 1.185 
Final R indices [I>2σ(I)] 0.1141 0.0756 








Table S6.2. Crystallographic data of SIFSIX-14-Cu-i, as refined from 
synchrotron X-ray powder diffraction. 
Crystal system, space group Monoclinic, C 2/m 
Unit cell dimensions a  = 8.53961 (28) Å 
 b = 18.5042 (6) Å 
 c = 18.4139 (7) Å 








Figure S6.1. Vacuum synchrotron powder X-ray diffractogram for SIFSIX-14-Cu-i (blue), the calculated 
diffractogram for the re-solved structure (red), and a difference plot of the observed and calculated 













Figure S6.2. SIFSIX-1-Cu is found to undergo a phase transformation to an interpenetrated square grid, 





Table S6.3. Analysis of peak broadening in X-ray powder diffractograms of SIFSIX-2-Cu-i as a pristine 
sample and after 1, 7, and 14 days exposure to 75% relative humidity at 45 
o
C. 
 Position  




Pristine 9.15022 1636.939 0.19465 
1 Day 9.15812 1558.127 0.18196 
7 Days 9.06734 1795.671 0.25162 




Figure S6.3. Powder X-ray diffractograms of SIFSIX-14-Cu-i, showing the structural stability of the bulk 
compound after exposure to 75% relative humidity and 45 
o





Table S6.4. Crystallographic data of precursor for SIFSIX-3-Ni after peak fitting 
using data from laboratory X-ray powder diffraction. 
Crystal system, space group Orthorhombic, P bnn 
Unit cell dimensions a  = 18.583(10) Å 
 b = 13.173(8) Å 








Figure S6.4. Laboratory Powder X-ray diffractogram (blue) of SIFSIX-3-Ni with fitted curve (red) 




Figure S6.5. Powder X-ray diffraction experiments for SIFSIX-3-Ni. The as-synthesised proposed sql 
network was activated by heating at 80 °C under vacuum for 16 h to form the pcu network SIFSIX-3-Ni. 
Upon exposure to elevated temperature and humidity, the pcu network returns to the as-synthesised sql 




Figure S6.6. Comparison of experimental and calculated powder X-ray diffractograms for SIFSIX-14-Cu-i 
as well as experimental powder X-ray diffractogram of SIFSIX-14-Cu-i after exposure to humidity 
compared with the calculated diffractogram for the sql-c* form of SIFSIX-14-Cu-i. 
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Figure S6.7. Packing of SIFSIX-1-Cu. 4,4ʹ-bipyridyl is not long enough to afford interpenetration in this 




Figure S6.8. Crystal packing of SIFSIX-1-Cu. The use of 4,4-bipyridyl organic linkers results in micro-
pores decorated with inorganic pillars. 
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Supplementary Figures of the sql-c* Phase of SIFSIX-1-Cu  
 
 
Figure S6.9. Packing of the sql-c* product of SIFSIX-1-Cu being exposed to elevated humidity. The 
square grids are maintained, however, SiF6
2-
 anions were displaced by water molecules forming aqua 
complexes with the metal node. For the square grids to become interpenetrated at least one N-Cu bond per 




Figure S6.10. Crystal packing of the sql-c* product of SIFSIX-1-Cu being exposed to elevated humidity. 
Square grids pack …ABAB… and interpenetrate perpendicularly with each other. This generates a square 
cavity filled with SiF6
2-
 anions which hydrogen bond to surrounding networks. 
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Supplementary Figures of SIFSIX-2-Cu-i  
 
 
Figure S6.11. Packing of SIFSIX-2-Cu-i. 1,2-bis(4-pyridyl)acetylene organic linkers thread through 
cavities of another framework forming a two-fold interpenetrated pcu network. The orthogonally stacked 
organic linkers interact through weak CH-π interactions, essentially “locking” the inorganic pillar between 
metal nodes thereby preventing water-induced phase transformations from occurring. 
362 
 
   
Figure S6.12. Crystal packing of SIFSIX-2-Cu-i. The organic linker 1,2-bis(4-pyridyl)acetylene is long to 
allow interpenetration, affording ultramicropores. The orthogonally stacking organic linkers are sustained 
through weak CH-π interactions. 
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Supplementary Figures of SIFSIX-3-Ni  
 
 
Figure S6.13. Packing of SIFSIX-3-Ni. The small cavities obtained from the packing results in 
interpenetration being sterically unfavourable. Therefore the structural stability of the compound relies on 













Figure S6.14. Crystal packing of SIFSIX-3-Ni. The use of the short organic linker, pyrazine, generates 





Supplementary Figure of the Proposed sql Network of SIFSIX-3-Ni  
 
   
Figure S6.15. Proposed structure of the precursor form to SIFSIX-3-Ni. Powder X-ray diffraction and 
thermogravimetric analysis suggests the Cu(pyrazine)2 square lattice is maintained while SiF6
2-
 anions are 
replaced by aqua complexes. 
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Supplementary Figures of SIFSIX-14-Cu-i  
 
 
Figure S6.16. Mode of interpenetration in SIFSIX-14-Cu-i. The 1,2-bis(4-pyridyl)diazene organic linker 
threads through a cavity formed by copper nodes crosslinked by SiF6
2-
 anions and 1,2-bis(4-pyridyl)diazene 
organic linkers. The interpenetration results in repulsive stacking of diazene moieties leading to a long 
node-pillar-node length. This increase in length of node-pillar bond likely enables the compound to be 




Figure S6.17. Crystal packing of SIFSIX-14-Cu-i. SIFSIX-14-Cu-i is found to crystallize as an 
interpenetrated pcu network generating ultramicropores, wherein repulsive diazene moieties of the 1,2-
bis(4-pyridyl)diazene ligand stack on top of each other. 
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Supplementary Figures of the sql-c* Phase of SIFSIX-14-Cu-i  
 
 
Figure S6.18. The product of the decomposed SIFSIX-14-Cu-i exhibits displaced SiF6
2-
 anions in favour 
of aqua complexes, degrading the pcu framework and resulting in square grids. These square grids are 




Figure S6.19. Crystal packing of square grids in the sql-c* product of the decomposed SIFSIX-14-Cu-i. 
The square grids (red) stack in an …ABAB… setting and interpenetrate another square grid 





Thermogravimetric Analysis Data  
 
Figure S6.20. Thermogravimetric analysis of SIFSIX-1-Cu. The first derivative of the curve indicates 






Figure S6.21. Thermogravimetric analysis of the sql-c* product of SIFSIX-1-Cu after exposure to 





Figure S6.22. Thermogravimetric analysis of SIFSIX-2-Cu-i. The first derivative of the curve indicates 







Figure S6.24. Thermogravimetric analysis of the sql network of SIFSIX-3-Ni. The first derivative of the 






Figure S6.23. Thermogravimetric analysis of SIFSIX-3-Ni. The first derivative of the curve indicates that 








Figure S6.25. Thermogravimetric analysis of SIFSIX-14-Cu-i. The derivative of the curve (black line) 






Figure S6.26. Thermogravimetric analysis of the sql-c* form of SIFSIX-14-Cu-i. The derivative of the 










Figure S6.27. 77 K N2 adsorption isotherms of SIFSIX-2-Cu-i as a pristine sample, and after 1, 7, and 14 
days at 45 
o





Figure S6.28. 298 K CO2 adsorption isotherms of SIFSIX-3-Ni as an activated sample, and after 1 and 10 
cycles of exposure to 24 h, 45 °C and 75% RH (conversion to sql phase) and then 16 h, 80 °C under 
vacuum (regeneration of pcu phase). This compound shows good recyclability with negligible difference 
between amounts of CO2 adsorbed after 10 cycles of the water-vapour-induced phase transformation. 
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Figure S6.29. Dynamic vapor sorption plot displaying the mass change of SIFSIX-1-Cu with respect to 




Figure S6.30. The first derivative of the dynamic vapour sorption plot of SIFSIX-1-Cu. Relative humidity 






Figure S6.31. Water vapour adsorption (closed circle) and desorption (open circle) isotherms for SIFSIX-
1-Cu at 298 K. The compound is found to exhibit a negative water vapour adsorption event at ca. 40% 











Figure S6.34. The first derivative of the dynamic vapor sorption plot of SIFSIX-2-Cu-i. Relative humidity 




Figure S6.33. Dynamic vapor sorption plot displaying the mass change of SIFSIX-2-Cu-i with respect to 





Figure S6.35. Water vapour adsorption (closed circles) and desorption (open circles) isotherm for SIFSIX-




















Figure S6.37. Dynamic vapor sorption plot displaying the mass change of SIFSIX-3-Ni with respect to 




Figure S6.38. The first derivative of the dynamic vapour sorption plot of SIFSIX-3-Ni. Relative humidity 





Figure S6.39. Water vapour adsorption (closed circle) and desorption (open circle) isotherms for SIFSIX-
3-Ni at 298 K. The compound is found to exhibit a negative water vapour adsorption event at ca. 50% 
relative humidity; which was determined to be caused by a phase transformation to the precursor material. 
The porous pcu network is re-generable upon heating to 100 
o










Figure S6.41. Dynamic vapor sorption plot displaying the mass change of SIFSIX-3-Ni, with respect to 
time and relative humidity, after undergoing a recyclability protocol 10 time.  
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Figure S6.42. Comparison of water vapour adsorption isotherms for SIFSIX-3-Ni at 298 K for a pristine 
sample (purple) and after undergoing a recyclability protocol 10 times (green). The compound is found to 






Figure S6.43. Dynamic vapor sorption plot displaying the mass change of SIFSIX-14-Cu-i with respect to 




Figure S6.44. The first derivative of the dynamic vapour sorption plot of SIFSIX-14-Cu-i. Relative 





Figure S6.45. Water vapour adsorption (closed circle) and desorption (open circle) isotherms for SIFSIX-
14-Cu-i at 298 K. The compound is found to exhibit a negative water vapour adsorption event at ca. 50% 













Figure S6.46. Water vapour adsorption isotherm for SIFSIX-14-Cu-i plotted alongside the kinetic profile 
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Topological Phase Transformations of a Family of 





Materials and Methods 
All reagents were purchased from Sigma-Aldrich and used as-received. SIFSIX-
7-Cu was synthesised following previously published methods.
1 
Synthesis of TIFSIX-7-Cu. Single crystals of TIFSIX-7-Cu were grown from 
slow diffusion through solvent layers. A 1:1 deionised water/ethylene glycol solution (5 
ml) of anhydrous Cu(SO4) (6.3 mg) and (NH4)2TiF6 (14.8 mg) were added to a glass test 
tube. A 7 ml buffer layer of methanol was added, on top of which a 3 ml methanol 
solution of 1,2-bis(4-pyridyl)ethylene (28.5 mg) was layered. The test tube was sealed 
with parafilm and violet block single crystals grew after approximately one week. 
Synthesis of GEFSIX-7-Cu. Single crystals of GEFSIX-7-Cu were grown from 
slow diffusion through solvent layers. A 10 ml aqua solution of anhydrous Cu(SO4) (14.0 
mg) and (NH4)2GeF6 (20.9 mg) were added to a glass test tube. A 7 ml buffer layer of 
methanol was added, on top of which a 3 ml methanol solution of 1,2-bis(4-
pyridyl)ethylene (34.8 mg) was layered. The test tube was sealed with parafilm and violet 
block single crystals grew after approximately one week. 
Synthesis of sql-c* phase of TIFSIX-7-Cu. Single crystals of the sql-c* phase of 
TIFSIX-7-Cu were grown from slow diffusion through solvent layers. A 4ml aqua 
solution of Cu(SO4) (4.2 mg) and (NH4)2TiF6 (7.5 mg) were layered on top of a 4 ml 
methanol solution of 1,2-bis(4-pyridyl)ethylene (9.0 mg) in a glass test tube and sealed 
with parafilm. Large blue block single crystals grew after approximately 1 week. 
Synthesis of sql-c* phase of GEFSIX-7-Cu. Single crystals of the sql-c* phase 
of GEFSIX-7-Cu were grown from slow diffusion through solvent layers. A 4ml aqua 
solution of Cu(SO4) (4.6 mg) and (NH4)2GeF6 (8.4 mg) were layered on top of a 4 ml 
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methanol solution of 1,2-bis(4-pyridyl)ethylene (9.0 mg) in a glass test tube and sealed 
with parafilm. Large blue block single crystals grew after approximately 1 week. 
Synthesis of sql-c* phase of SIFSIX-7-Cu. Single crystals of the sql-c* phase of 
SIFSIX-7-Cu were grown from slow diffusion through solvent layers. A 4ml aqua 
solution of Cu(SO4) (4.8 mg) and (NH4)2SiF6 (7.6 mg) were layered on top of a 4 ml 
methanol solution of 1,2-bis(4-pyridyl)ethylene (8.9 mg) in a glass test tube and sealed 
with parafilm. Large blue block single crystals grew after approximately 1 week. 
 
Single Crystal X-ray Diffraction 
The crystallographic and structural parameters for the structures studied in this 
contribution are presented in Table S7.1. Reflection data was collected on a Bruker D8 
Quest single crystal X-ray diffractometer with either a sealed tube CuKα source (λ = 
1.54178) or MoKα source (λ = 0.71073) with TRIUMPH mirror. Absorption corrections 
were carried out using the multi-scan method in SADABS. XPREP in APEX3 was used 
for spacegroup determination. The structures were solved in the APEX3 program using 
intrinsic methods in SHELXT and refined against all Fo using SHELXL
2
 in the program 
SHELXLE.
3
 All non-hydrogen atoms were refined anisotropically. The lower quality 
refinement of the GEFSIX-7-Cu data is attributed to the large empty pores of the 
structure coupled with poor crystallinity affording little to no diffraction at high angle. 
Indeed, an hk0 precession image of the data set for GEFSIX-7-Cu at 100 K indicates 
twinning and extensive diffuse scattering, both suggesting the long range disorder of the 





























M 714.01 614.6 614.6 595.8 662.57 618.07 
T (K) 100(2) 100(2) 273(2) 271(2) 284(2) 284(2) 
Crystal 
System 
Tetragonal Orthorhombic Tetragonal Tetragonal Tetragonal Tetragonal 
Spacegroup P4/ncc Cmcm P4212 P4/ncc P4/ncc P4/ncc 
a (Å) 18.8216(8) 18.926(2) 18.8684(18) 11.0172(5) 10.9785(4) 10.8966(16) 
b (Å) 18.8216(8) 18.912(3) 18.8684(18) 11.0172(5) 10.9785(4) 10.8966(16) 
c (Å) 16.5719(8) 16.141(3) 8.0972(10) 21.7026(14) 21.7534(8) 21.841(3) 
Volume (Å
3
) 5870.6(6) 5777.2(15) 2881.6(7) 2634.2(3) 2621.9(2) 2593.3(9) 
Rint 0.0741 0.0736 0.1526 0.0743 0.0332 0.0327 
Final R1  
[I>2σ(I)] 
0.0733 0.1502 0.2092 0.0394 0.0705 0.0342 




Figure S7.1. hk0 precession of GEFSIX-7-Cu at 100 K indicating twinning and diffuse scattering. 
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Low Pressure Gas Sorption Studies 
77 K N2 and 195 K CO2 gas adsorption experiments  were conducted, between 0 – 
1 bar, on GEFSIX-7-Cu using a Micromeritics TriStar II PLUS Porosimeter. Single 
crystal samples were degassed overnight on a SmartVacPrep degassing station overnight. 
For 77 K N2 studies, temperature was controlled with liquid nitrogen filler 4 L dewar 
flask, whereas a dry ice-acetone mixture was used instead for 1195 K CO2 studies.  
 
 

















Powder X-ray Diffraction 
Powder X-ray diffraction experiments were carried out on a Panalytical Empyrean 
diffractometer (40 kV, 40 mA, CuKα source (λ = 1.5418 Å) in Bragg-Brentano geometry. 
A scan speed of 0.5 s/step (6°/min), with a step size of 0.05° in 2θ was used at room 
temperature with a range of 4 < 2θ < 40. 
 
 





Figure S7.5. PXRD of TIFSIX-7-Cu and the phase transformation product after water vapour adsorption. 
 





Thermogravimetric analysis of all compounds and their phase transformation 
product were carried out under an N2 atmosphere in a TA instruments Q50 thermal 
analyzer. Approximately 10 mg of sample was heated between room temperature and 400 
°C and the weight change was recorded. 
 
 





Figure S7.8. TGA of GEFSIX-7-Cu. 
 
 




Figure S7.10. TGA of the sql-c* phase of GEFSIX-7-Cu. 
 
 




Dynamic Vapour Sorption Measurements 
Dynamic vapor sorption measurements were conducted using a Surface 
Measurement Systems DVS Vacuum at 298 K. Samples were brought under high vacuum 
(2x10
-6
 Torr) in-situ and stepped increases in relative humidity were controlled by 
equilibrated weight changes of the sample (dM/dT = 0.006 %/min) from 0 to 90% relative 
humidity. Vacuum pressure transducers were used with ability to measure from 1x10
-6
 to 
760 Torr with a resolution of 0.01%. Approximately 20 mg of sample was used for each 
experiment. The mass of the sample was determined by comparison to an empty reference 
pan and recorded by a high resolution microbalance with a precision of 0.1 µg. 
 
 
























Table S7.2. Crystallographic data of sql-c* coordination networks 













F-Aqua dist. (Å) 2.701 2.678 2.665 2.768 2.749 
<M-N-centroid (°) 179.01 178 179.65 177.62 178.19 
M-M dist. (Å) 11.206 11.209 11.213 13.267 11.192 
Ligand length (Å) 7.12 7.141 7.132 9.252 7.12 
a (Å) 11.080(2) 11.146(4) 11.301(1) 13.5377(2) 11.4395(14) 
c (Å) 16.0239(7) 15.941(7) 15.733(2) 18.3726(5) 15.471(2) 
Temp (K) 283-303 283-303 283-303 150 153 
d (Å) 15.669 15.763 15.733 18.373 15.471 
D (Å) 16.024 15.941 15.982 19.145 16.178 
d/D
a
 0.978 0.989 0.984 0.960 0.956 
Ref. 4 4 5 6 7 













F-Aqua dist. (Å) 2.737 2.683 2.657 2.686 2.656 
<M-N-centroid (°) 177.67 174.78 169.76 179.25 179.14 
M-M dist. (Å) 11.214 11.436 13.26 11.198 11.206 
Ligand length (Å) 7.121 7.133 9.025 7.094 7.111 
a (Å)  11.5095(5) 10.815(2) 10.756(1) 11.243(3) 11.340(4) 
c (Å) 15.4286(7) 17.006(3) 21.725(2) 15.773(4) 15.657(5) 
Temp (K) 240 283-303 283-303 93 93 
d (Å) 15.429 15.295 15.211 15.773 15.657 
D (Å) 16.277 17.006 21.725 15.9 16.037 
d/D
a
 0.948 0.899 0.700 0.992 0.976 
Ref. 8 9 10 11 11 
























F-Aqua dist. (Å) 2.683 2.696 2.681 2.689 2.66 
<M-N-centroid (°) 172.91 172.4 171.49 171.15 170.93 
M-M dist. (Å) 12.982 12.988 13.363 13.365 13.358 
Ligand length (Å) 8.975 8.985 9.354 9.363 9.374 
a (Å) 10.767(2) 10.8914(9) 10.9785(4) 10.8966(16) 11.0172(5) 
c (Å) 21.030(3) 20.9174(17) 21.7534(8) 21.841(3) 21.7026(14) 
Temp (K) 150 150 283-303 283-303 271 
d (Å) 15.227 15.403 15.526 15.41 15.581 
D (Å) 21.03 20.917 21.753 21.841 21.703 
d/D
a
 0.724 0.736 0.714 0.706 0.718 
Ref. 12    This work. This work. This work. 
bpy = 4,4ʹ-bipyridyl, bpy-glycol = meso-1,2-bis(4-Pyridyl)ethane-1,2-diol-N,Nʹ, bpy-diazene = 1,2-bis(4-pyridyl)diazene, bpy-
ethylene = 1,2-bis(4-pyridyl)ethylene. 
a






Figure S7.15. The d/D ratio of square grids. 
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